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Abstract 
Underground civil utilities and strategic structures such as burdcers, buried nuclear 
containment etc. are the target of enemy during wartime. For hitting these structures, 
projectiles have to penetrate overlying geomaterials, mostly soil and/or rock. Safety or 
destruction of such targets depends on correct estimation of depth of penetration, 
forces and stresses in surrounding soil/rock medium. It is due to these reasons that the 
problem of projectile penetration into soil/rock targets achieves greater significance. 
Though studies are available pertaining to the impact of projectiles on targets such as 
metallic plates, shells, concrete barriers etc., the work on most commonly found soil 
targets are scanty. This is perhaps due to difficulty in soil modeling and difficulties 
involved in the development of experimental set up for such studies. 
In the present study, experiments involving free fall of projectiles of three different 
nose shapes viz. conical, ogival and hemi-spherical on different types of soil targets 
were conducted. Besides the testing of projectiles of conical, ogival and hemi-
spherical nose shapes, four spherical balls of slightly varying mass were also used. 
The soil targets taken in the experiments were sandy soil targets, clayey soil targets, 
and stratified soil targets under different states of compaction and moisture. The 
targets were deposited in a wooden tank and also in a natural ground trench. 
Properties of target material were established by extracting cored samples from the 
soil targets before and after the test. The penetration depth of projectiles in ground 
trench was found to be slightly more than the cftrresponding values of penetration 
depth observed in rectangular tank. 
It was observed in experiments that the depth of penetration reduces with the increase 
in nose angles or reduction in the nose length of conical and ogival nose projectiles in 
all types of soil targets. The penetration depth of conical, ogival and spherical nose 
projectiles was more in saturated sand than compacted sand, which may be due to the 
reduction of angle of shearing resistance because of the presence of the moisture. The 
targets found in the order of increasing depth of penetration are compacted clay, 
stratified soil, compacted sand, saturated sand and loose dry sand respectively. This is 
because the resistance offered to penetration reduces in this very order. The 
penetration of ogival nose projectile is more than the conical nose projectiles in loose-
dry sand and loose-saturated sand targets, whereas the trend is just opposite for the 
remaining targets viz. Compacted sand, Compacted clay and Stratified soil targets. 
The ogival nose has to form larger cavity than the conical nose thus requiring more 
effort in the formation of cavity. Moreover, the surface area of ogival nose is more 
than the conical nose thus there will be more frictional force exerted on ogival nose. 
At the junction of nose with the shaft, the slope of conical nose does not match with 
the shafl;, whereas there is smooth transition from nose to shaft in the case of ogival 
nose. Thus the target material at the junction of conical nose with the shaft is pushed 
away from the shaft thus reducing the frictional force between the shaft and the target 
material. In comparison, the conical nose will push the target material vertically thus 
compressing it and this compression increases with increase in the nose angle and 
with increase in friction due to which the soil below gets compacted thus offering 
more resistance to penetration. The effect would get enhanced for large velocity of 
strike. The magnitude of friction being low for the loose dry sand and loose saturated 
sand targets, the compaction of soil underneath would be very small. 
Spherical and cylindrical cavity expansion models have been developed for modeling 
the process of penetration of a projectile into a geological target. The mathematical 
equations for the penetration of projectile of different nose shapes are formulated and 
complete numerical procedures for the solution are developed. The models are 
capable of predicting the deceleration time history, forces on nose and penetration 
depth of projectiles for normal impact on soil targets. The target medium is described 
by non-linear hydrostat and non-linear shear failure and pressure relation, which is 
capable of modeling a variety of materials. The momentum and mass conservation 
equations of motion are reduced, through a similarity transformation, to nonlinear 
ordinary differential equations. These resulting equations are solved numerically by 
using Runge-Kutta self iterative shooting method which employs an asymptotic 
expansion to the solution near the wave front. The proposed model estimates the 
deceleration time response from the instant of strike of the nose on the target. 
whereas, Forrestal and Luk theory predicts the deceleration time response after the 
complete penetration of projectile nose. A software program has been developed in 
FORTRAN Language for predicting the deceleration time history, forces at the nose of 
projectile, depth of penetration, variation in the velocity during penetration etc. 
The proposed models have been validated using the experiments of the present study 
as well as the experiments available in literature. The predictions of penetration depth 
for the projectiles of different nose shapes in different soil targets using the proposed 
analytical models are reasonably good. There is significant influence of Caliber 
Radius Head (CRH) on penetration depth and deceleration of the projectile. The 
penetration depth increases whereas deceleration decreases with the increase in the 
value of CRH of projectile nose as shape of the nose becomes more pointed that 
makes the penetration easier. The projectile of same CRH in the non-linear material 
stops at greater depth than the linear soil material. It is observed that the sliding 
friction should be carefully determined for true estimation of any of the design 
parameters. The projectile with higher total length to diameter ratio will have higher 
penetrating potential. 
A comparison of the proposed models with the existing Forrestal-Luk Model (1992) 
shows that the proposed model has many desirable improvements over the existing 
one. The proposed formulation, models the projectile nose penetration which was 
ignored in the existing model. In the existing model, the analysis was started after the 
full penetration of projectile nose. It is due to this reason that the force along the nose 
length increases non-linearly with the penetration and start reducing after full 
penetration of nose length. The total penetration time and penetration depth predicted 
by the proposed model are also due to this reason more than those predicted by the 
existing model. The proposed model thus estimates the deceleration and velocity time 
response from the moment the projectile strikes the target. 
The proposed model considers the effect of friction on the projectile nose, which is 
ignored in the existing model. The ogival nose shape is correctly modeled in the 
proposed model, which is otherwise replaced by equivalent conical nose in the 
existing model. The existing model obtained a closed from solution for velocity. 
ni 
deceleration and penetration depth by assuming linear variation between the velocity 
at any depth and corresponding radial component of stress, both in dimensionless 
form, for different shear strength parameters. This variation is actually non-linear in 
nature, which has been incorporated in the proposed models by employing numerical 
methods for the solution of differential equations. 
The increasing fear of war and missile attacks on civic and strategic targets warrants 
reliability studies. The penetration depth estimation of a projectile in the target 
involves various parameters, which have significant uncertainties due to inherent 
variability involved. This suggests projectile penetration to be a probabilistic event 
rather than deterministic as many researchers have thought. The reliability analysis of 
buried concrete targets under projectile impact has been developed. The expression 
for the depth of penetration in the buried target has been derived separately for crater 
and tunnel regions. The estimated penetration depth has been employed for 
subsequent reliability analysis using first-order reliability method {FORM). Design 
points important for probabilistic design have been located on the failure surface. 
Sensitivity analysis is also carried out to study the influence of various random 
variables on target reliability. 
The projectile impact velocity is found to be more influencing the reliability than its 
mass. The target reliability decreases almost linearly with the impact velocity of 
projectile. Moreover, shank radius of projectile adversely affects the reliability and a 
projectile with same mass but different shank radius shows completely different 
penetration depth in the target. A projectile with higher CRH is more dangerous to the 
target than a projectile with lesser CRH, with other parameters remaining same. 
The bulk modulus of geomaterial is found to be more influencing the target reliability 
than the concrete strength while the mass density of the concrete target does not seem 
to affect its reliability significantly. The increase of concrete thickness along with its 
strength may be an optimum option for achieving the desirable range of reliability 
index. The most efficient way to protect the target against a projectile impact is to 
construct the target at a higher depth. 
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Abstract 
Underground civil utilities and strategic structures such as bunkers, buried nuclear 
containment etc. are the target of enemy during wartime. For hitting these structures, 
projectiles have to penetrate overlying geomaterials, mostly soil and/or rock. Safety or 
destruction of such targets depends on correct estimation of depth of penetration, 
forces and stresses in surrounding soil/rock medium. It is due to these reasons that the 
problem of projectile penetration into soil/rock targets achieves greater significance. 
Though studies are available pertaining to the impact of projectiles on targets such as 
metallic plates, shells, concrete barriers etc., the work on most commonly found soil 
targets are scanty. This is perhaps due to difficulty in soil modeling and difficulties 
involved in the development of experimental set up for such studies. 
In the present study, experiments involving free fall of projectiles of three different 
nose shapes viz. conical, ogival and hemi-spherical on different types of soil tsirgets 
were conducted. Besides the testing of projectiles of conical, ogival and hemi-
spherical nose shapes, four spherical balls of slightly varying mass were also used. 
The soil targets taken in the experiments were sandy soil targets, clayey soil targets, 
and stratified soil targets under different states of compaction and moisture. The 
targets were deposited in a wooden tank and also in a natural ground trench. 
Properties of target material were established by extracting cored samples from the 
soil targets before and after the test. The penetration depth of projectiles in ground 
trench was found to be slightly more than the corresponding values of penetration 
depth observed in rectangular tank. 
It was observed in experiments that the depth of penetration reduces with the increase 
in nose angles or reduction in the nose length of conical and ogival nose projectiles in 
all types of soil targets. The penetration depth of conical, ogival and spherical nose 
projectiles was more in saturated sand than compacted sand, which may be due to the 
reduction of angle of shearing resistance because of the presence of the moisture. The 
targets found in the order of increasing depth of penetration are compacted clay. 
stratified soil, compacted sand, saturated sand and loose dry sand respectively. This is 
because the resistance offered to penetration reduces in this very order. The 
penetration of ogival nose projectile is more than the conical nose projectiles in loose-
dry sand and loose-saturated sand targets, whereas the trend is just opposite for the 
remaining targets viz. Compacted sand. Compacted clay and Stratified soil targets. 
The ogival nose has to form larger cavity than the conical nose thus requiring more 
effort in the formation of cavity. Moreover, the surface area of ogival nose is more 
than the conical nose thus there will be more fiictional force exerted on ogival nose. 
At the junction of nose with the shaft, the slope of conical nose does not match with 
the shaft, whereas there is smooth transition from nose to shaft in the case of ogival 
nose. Thus the target material at the junction of conical nose with the shaft is pushed 
away from the shaft thus reducing the frictional force between the shaft and the target 
material. In comparison, the conical nose will push the target material vertically thus 
compressing it and this compression increases with increase in the nose angle and 
with increase in friction due to which the soil below gets compacted thus offering 
more resistance to penetration. The effect would get enhanced for large velocity of 
strike. The magnitude of friction being low for the loose dry sand and loose saturated 
sand targets, the compaction of soil imdemeath would be very small. 
Spherical and cylindrical cavity expansion models have been developed for modeling 
the process of penetration of a projectile into a geological target. The mathematical 
equations for the penetration of projectile of different nose shapes are formulated and 
complete numerical procedures for the solution are developed. The models are 
capable of predicting the deceleration time history, forces on nose and penetration 
depth of projectiles for normal impact on soil targets. The target medium is described 
by non-linear hydrostat and non-linear shear failure and pressure relation, which is 
capable of modeling a variety of materials. The momentum and mass conservation 
equations of motion are reduced, through a similarity transformation, to nonlinear 
ordinary differential equations. These resulting equations are solved numerically by 
using Runge-Kutta self iterative shooting method which employs an asymptotic 
expansion to the solution near the wave front. The proposed model estimates the 
deceleration time response from the instant of strike of the nose on the target, 
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whereas, Forrestal and Luk theory predicts the deceleration time response after the 
complete penetration of projectile nose. A software program has been developed in 
FORTRAN Language for predicting the deceleration time history, forces at the nose of 
projectile, depth of penetration, variation in the velocity during penetration etc. 
The proposed models have been validated using the experiments of the present study 
as well as the experiments available in literature. The predictions of penetration depth 
for the projectiles of different nose shapes in different soil targets using the proposed 
analytical models are reasonably good. There is significant influence of Caliber 
Radius Head (CRH) on penetration depth and deceleration of the projectile. The 
penetration depth increases whereas deceleration decreases with the increase in the 
value of CRH of projectile nose as shape of the nose becomes more pointed that 
makes the penetration easier. The projectile of same CRH in the non-linear material 
stops at greater depth than the linear soil material. It is observed that the sliding 
friction should be carefiilly determined for true estimation of any of the design 
parameters. The projectile with higher total length to diameter ratio will have higher 
penetrating potential. 
A comparison of the proposed models with the existing Forrestal-Luk Model (1992) 
shows that the proposed model has many desirable improvements over the existing 
one. The proposed formulation, models the projectile nose penetration which was 
ignored in the existing model. In the existing model, the analysis was started after the 
fiill penetration of projectile nose. It is due to this reason that the force along the nose 
length increases non-linearly with the penetration and start reducing after full 
penetration of nose length. The total penetration time and penetration depth predicted 
by the proposed model are also due to this reason more than those predicted by the 
existing model. The proposed model thus estimates the deceleration and velocity time 
response from the moment the projectile strikes the target. 
The proposed model considers the effect of friction on the projectile nose, which is 
ignored in the existing model. The ogival nose shape is correctly modeled in the 
proposed model, which is otherwise replaced by equivalent conical nose in the 
existing model. The existing model obtained a closed from solution for velocity. 
IV 
deceleration and penetration depth by assuming linear variation between the velocity 
at any depth and corresponding radial component of stress, both in dimensionless 
form, for different shear strength parameters. This variation is actually non-linear in 
nature, which has been incorporated in the proposed models by employing numerical 
methods for the solution of differential equations. 
The increasing fear of war and missile attacks on civic and strategic targets warrants 
reliability studies. The penetration depth estimation of a projectile in the target 
involves various parameters, which have significant uncertainties due to inherent 
variability involved. This suggests projectile penetration to be a probabilistic event 
rather than deterministic as many researchers have thought. The reliability analysis of 
buried concrete targets under projectile impact has been developed. The expression 
for the depth of penetration in the buried target has been derived separately for crater 
and tunnel regions. The estimated penetration depth has been employed for 
subsequent reliability analysis using first-order reliability method {FORM). Design 
points important for probabilistic design have been located on the failure surface. 
Sensitivity analysis is also carried out to study the influence of various random 
variables on target reliability. 
The projectile impact velocity is found to be more influencing the reliability than its 
mass. The target reliability decreases almost linearly with the impact velocity of 
projectile. Moreover, shank radius of projectile adversely affects the reliability and a 
projectile with same mass but different shank radius shows completely different 
penetration depth in the target. A projectile with higher CRH is more dangerous to the 
target than a projectile with lesser CRH, with other parameters remaining same. 
The bulk modulus of geomaterial is found to be more influencing the target reliability 
than the concrete strength while the mass density of the concrete target does not seem 
to affect its reliability significantly. The increase of concrete thickness along with its 
strength may be an optimum option for achieving the desirable range of reliability 
index. The most efficient way to protect the target against a projectile impact is to 
construct the target at a higher depth. 
Acknowledgement 
The accomplishment of this endeavour would not have been feasible without the will 
of Almighty Allah, for it is his blessings alone, which provided me enough zeal to 
present this thesis. 
It is my great privilege to express my deep sense of gratitude and indebtedness to my 
esteemed supervisor Dr. Husain Abbas, Professor, Department of Civil Engineering 
Aligarh Muslim University Aligarh. I immensely owe to him for vigilant guidance, 
judicious criticism, inexhaustible encouragement, magnificent devotion and 
sympathetic attitude that have been instrumental in getting the work completed. 
I extend my sincere thanks to Prof M. Jamil, Chairman, Department of Civil 
Engineering Aligarh Muslim University Aligarh, for his affectionate support, 
continuous encouragement, valuable suggestions and providing me all possible 
facilities available in the department. I am grateful to Dr. M. Masroor Alam, lectwer 
Department of Civil Engineering for his fullest cooperation and valuable suggestions. 
I express my deep appreciation to all my colleagues and fiiends for their most cordial 
and helpful role during the entire work period. My sincere thanks are also due to 
office, CAD lab and seminar staff for their cooperation and nice behaviour. 1 am 
thankful to Mr. Hamid Ali, lab attendant of geotechnical engineering section for his 
time-to-time help. 
Last but not the least, I am greatly beholden to my wife. Dr. Ghazala Yasmin, 
lecturer, department of mathematics for her constant support, inspiration, sacrificial 
devotions and valuable suggestions. She has always been a driving force behind my 
work 








List of Tables xi 
List of Figures xiv 
Chapter-1: Introduction 1-15 
1.1 PRELUDE 1 
1.2 PROJECTILE IMPACT PROBLEMS 2 
1.3 HISTORICAL BACKGROUND 3 
1.4 MISSILE 6 
1.5 UNDERGROUND SITING OF STRUCTURES 6 
1.6 TARGET 8 
1.7 OBJECTIVES AND SCOPE OF WORK 9 
1.8 LAYOUT OF THESIS 11 
Chapter-2: Literature Review 16-48 
2.1 INTRODUCTION 16 
2.2 MECHANICS OF MISSILE PENETRATION 17 
2.2.1 Experimental Data 17 
2.2.2 Empirical Approach 19 
2.2.3 Penetration into Layered Targets 24 
2.2.4 Analytical Approach 26 
2.2.4.1 Cylindrical cavity expansion {CCE) 28 
2.2.4.2 Spherical cavity expansion (SCE) 30 
2.2.4.3 Model of orthogonal layers (A/OZ) 34 
vn 
2.2.5 Numerical Approach 34 
2.2.6 Finite Element Technique 36 
2.3 STRUCTURAL RELIABILITY TECHNIQUES 39 
2.4 SCALING EFFECTS 42 
2.4.1 Drop Test 44 
Nomenclature 47 
Chapter-3: Experimental Program 49-117 
3.1 INTRODUCTION 49 
3.2 PROJECTILES 50 
3.3 TARGETS 51 
3.3.1 Experimental Tank and Filled up Trench 51 
3.3.2 Sandy Soil Targets 52 
3.3.3 Clayey Soil Targets 53 
3.3.4 Stratified Soil Targets 54 
3.3.5 ModulusofElasticity of Target Material 54 
3.4 COEFFICIENT OF FRICTION BETWEEN PROJECTILE SURFACE 55 
AND TARGET MATERIALS 
3.5 PROJECTILE PENETRATION IN TANK AND GROUND TRENCH 55 
3.6 BOUNDARY EFFECT 56 
3.7 DISCUSSION OF EXPERIMENTAL RESULTS 57 
3.7.1 Effect Of Nose Shape And Type Of Target On Penetration 59 
Depth 
3.7.2 Cavity Expansion And Cracks In Target Material 60 
Chapter-4: Mathematical Modeling 118-149 
4.1 INTRODUCTION 118 
4.2 ASSUMPTIONS 119 
4.3 MATERIAL MODEL 120 
4.4 CYLINDRICAL CAVITY EXPANSION (CCE) MODEL 121 
4.4.1 Governing Equations 121 
vni 
4.4.2 Solution Procedure 122 
4.4.3 Forces on Projectile Nose and Deceleration 127 
4.5 SPHERICAL CAVITY EXPANSION (SCE) MODEL 130 
4.5.1 Governing Equations 131 
4.5.2 Solution procedure 132 
4.5.3 Forces on Proj ectile Nose and Deceleration 13 5 
4.6 NUMERICAL SOLUTION OF DIFFERENTIAL EQUATION 137 
4.6.1 Response Estimation 140 
4.6.2 Program Implementation 140 
Nomenclature 148 
Chapter-5: Numerical Study 150-182 
5.1 INTRODUCTION 150 
5.2 VALIDATION OF MODELS WITH PRESENT EXPERIMENTS 150 
5.2.1 Sandy Soil Targets 152 
5.2.2 Clayey Soil Targets 153 
5.2.3 Stratified Soil Targets 153 
5.2.4 Concluding Remarks 153 
5.3 OTHER NUMERICAL RESULTS FOR PRESENT EXPERIMENTS 155 
5.3.1 Deceleration Time History 15 5 
5.3.2 Vertical Force at Ogival Nose Projectile 156 
5.3.3 Impact Velocity and Penetration Depth with Time 156 
5.3.4 Effect of Nose Angle and Length to Diameter Ratio 157 
5.4 VALIDATION OF MODEL WITH FIELD TESTS OF FORRESTAL 
ANDLUK 157 
5.4.1 Comparison of Present Study Model with Forrestal and 15 8 
Luk Prediction 
5.4.2 Penetration Depth and Impact Velocity with Time 159 
5.5 PARAMETRIC STUDIES 160 
5.5.1 Effect of Ci?// 161 
5.5.2 Effect of Coefficient of Friction 161 
IX 
5.5.3 Effect of Mass 161 
5.5.4 Effect of Modulus of Elasticity 162 
Chapter-6'. Reliability Analysis of Buried Concrete 183-205 
Targets under Projectile Impact 
6.1 INTRODUCTION 183 
6.2 RELIABILITY ANALYSIS 184 
6.3 FORMULATION OF LIMIT STATE FUNCTION 185 
6.3.1 Analysis of Projectile Penetration in Geomaterial 185 
6.3.2 Depth of Penetration in Concrete Target 186 
6.4 NUMERICAL STUDY 190 
6.4.1 Design Point or Most Probable Point {MPP) 191 
6.4.2 Sensitivity Analysis 191 
6.4.3 Effect of Projectile Velocity 192 
6.4.4 Effect of Depth of Geo-material 192 
6.4.5 Effect of Concrete Thickness 192 
6.4.6 Effect of C/?// 193 
6.4.7 Effect of Unconfined Compressive Strength of Concrete 193 
6.4.8 Density of Concrete Target 193 
6.4.9 Effect of Uncertainty 194 
Nomenclature 204 
Chapter-7: Conclusions and Recommendations 206-212 
7.1 INTRODUCTION 206 
7.2 MATHEMATICAL MODELING 206 
7.3 EXPERIMENTAL STUDIES 207 
7.4 NUMERICAL STUDIES 208 
7.5 RELIABILITY ANALYSIS 210 
7.6 RECOMMENDATION FOR FURTHER STUDIES 211 
REFERENCES 213-222 


























Details and specifications of some of the popular missiles 14 
Geometrical data of projectiles 65 
Sieve analysis data for sand 65 
Standard proctor compaction data for maximum dry density 66 
ofsand 
Triaxial compression test data of sand samples at OMC 66 
Drained triaxial test data for sand samples at OMC, CT3 = 50 66 
kN/m^ 
Drained triaxial test data for sand at OMC, ^3 = 100 kN/m'^ 67 
Drained triaxial test data for sand at OMC, <J3 = 150 kN/m^ 68 
Physical properties of sand used for sandy soil targets 69 
Properties of sandy soil targets 70 
Sieve analysis data for clay 71 
Hydrometer analysis data for clay 72 
Liquid limit data for clay 72 
Plastic limit data for clay 73 
Standard proctor compaction data for clay 73 
Undrained triaxial test data for clay, 03 = 50 IcN/m^ 73 
Undrained triaxial test data for clay, (73 = 100 kN/m 74 
Undrained triaxial test data for clay, 0-3 = 150 kN/nP' 75 
Physical properties of clay 76 
Properties ofclayey soil targets 76 
Properties of stratified soil targets 77 
Modulus of elasticity of target materials, E 77 
Coefficient of friction between projectile and target 77 
materials 
XI 
Table No. Title Page 
Table 3.22 Penetration depth of missile model in loose dry sand 78 
Table 3.23 Penetration depth ofmissile model in saturated sand 78 
Table 3.24 Penetrationdepthof missile model in compacted sand at 79 
OMC 
Table 3.25 Penetration depth ofmissile model in compacted clay at 79 
OMC 
Table 3.26 Penetrationdepthof missile model in stratified soil 80 
compacted at OMC 
Table 3.27 Average penetration depth of projectiles 80 
Table 3.28 Penetration depth of spherical balls of diameter 50mm 81 
(tank) 
Table 3.29 Penetrationdepthof spherical balls of diameter 50 WAM 81 
(trench) 
Table 3.30 Percent increase in penetration depth of spherical balls of 81 
diameter 50 mm (trench) 
Table 3.31 Average penetration depth of shaft of projectiles 82 
Table 3.32 Comparison ofogival and conical nose projectile (Nose 82 
angle =15°) 
Table 3.33 Comparison ofogival and conical nose projectile (Nose 82 
angle = 30°) 
Table 3.34 Comparison ofogival and conical nose projectile (Nose 83 
angle = 45°) 
Table 5.1 Comparison of penetration depth of proj ectiles in loose and 169 
dry sand. 
Table 5.2 Comparison of penetration depth of projectiles in saturated 169 
sand 
Table 5.3 Comparison of penetration depth of projectiles in 169 
compacted sand. 
Table 5.4 Comparison of penetration depth of proj ectiles in 170 
xu 
Table No. Title Page 
compacted clay 
Table 5.5 Comparison of penetration depth of projectiles in stratified 170 
soil. 
Table 5.6 Comparison of penetration depths 170 
Table 5.7 Influence of variation in value of Young's modulus (E) 171 
Table 6.1 Statistical data of random variables 210 
Table 6.2 Design values for reliability index = 4.0 210 
xni 
List of Figures 
Figure Title Page 
No. 
Fig. 1.1 The various significant valuation factors of underground sitting 15 
Fig. 1.2 GBU28 Bunker buster 16 
Fig. 1.3 Wave formations in soil by Bunker buster 17 
Fig. 2.1 Ogival nose missile in terms of Caliber Radius Head {CRH) 49 
Fig. 2.2 Orthogonal layers representation of a soil medium for ogival 50 
and conical nose missiles 
Fig. 3.1 Geometry of conical nose (Ci=15°, Cj =30°, C3 = 45°) shaped 84 
projectiles 
Fig. 3.2 Geometry of ogival (Oi=15°, Oi =30°, O3 = 45°) and hemi- 84 
spherical nose shaped projectiles 
Fig. 3.3 Photographs of Projectiles Oi, C\, O2, C2, O3, C3, S as seen from 85 
left to right 
Fig. 3.4 Photographs of spherical balls Si, S2, S3 and 84 as seen from 85 
left to right 
Fig. 3.5 Photographs of empty rectangular tank and ground trench 86 
Fig. 3.6 Particle size distribution curve for sand 87 
Fig. 3.7 Typical compaction curves for sandy and clayey target 87 
Fig. 3.8 Variation of deviator stress Wiih axial strain for different 88 
confining pressure for sand 
Fig. 3.9 Variation of modulus of elasticity with confining pressure for 88 
sand 
Fig. 3.10 Sandy soil target - Loose dry sand filled in tank just before 89 
conducting experiment 
Fig. 3.11 Sandy soil target - Loose dry sand filled in trench just before 89 
conducting experiment 
Fig. 3.12 Variation of maximum dry density with number of blows 90 
xiv 
Figure Title Page 
No. 
Fig. 3.13 Particle size distribution curve for clayey soil 90 
Fig. 3.14 Flow curve for clayey soil 91 
Fig. 3.15 Variation of deviator stress with strain and confining pressure 91 
for clay 
Fig. 3.16 Variation of modulus of elasticity with confining pressure for 92 
targets 
Fig. 3.17a Photograph for coefficient of friction between projectile and 93 
target material 
Fig. 3.17b Schematic sketch for coefficient of friction between projectile 93 
and target material 
Fig. 3.18a Photograph showing the preparation of trench in ground. 94 
Fig. 3.18b Photograph showing preparation of ground trench and sieving 94 
of target material (sand) through 600 yu IS sieve 
Fig. 3.18c Photograph showing the preparation of sand target in 95 
rectangular tank 
Fig. 3.19 Photograph showing the arrangement of free fall of projectile 95 
from 10 m high building of civil engineering department 
Fig. 3.20 Photographs showing the triaxial soil sample before testing 96 
Fig. 3.21 Photograph showing the arrangement of soil sample in triaxial 97 
cell 
Fig. 3.22 Photograph showing the soil sample is ready in cell for testing 98 
under triaxial compression testing machine 
Fig. 3.23 Photograph showing the testing of soil sample under triaxial 99 
compression testing machine. 
Fig. 3.24 Photograph showing triaxial soil samples after failure 100 
Fig. 3.25 Photographs showing the sliding of triaxial soil samples along 101 
failure plain 
Fig. 3.26 Penetration of conical nose projectiles into dry sand in tank 102 
Fig. 3.27 Penetration of ogival and spherical nose projectiles into dry 102 
TMESIS 
XV 
Figure Title Page 
No. 
sand in tank 
Fig. 3.28 Penetration of conical nose projectiles into saturated sand in 103 
tank 
Fig. 3.29 Penetration of ogival and spherical nose projectiles into 103 
saturated sand in tank 
Fig. 3.30 Penetration of conical nose projectiles into compacted sand in 104 
tank 
Fig. 3.31 Penetration of ogival and spherical nose projectiles into 104 
compacted sand in tank 
Fig. 3.32 Penetration of conical nose projectiles into compacted clay in 105 
tank 
Fig. 3.33 Penetration of ogival and spherical nose projectiles into 105 
compacted clay in tank 
Fig. 3.34 Penetration of conical nose projectiles into stratified soil in tank 106 
Fig. 3.35 Penetration of ogival and spherical nose projectiles into 106 
stratified soil in tank 
Fig. 3.36 Penetration of conical nose projectiles into dry sand in ground 107 
trench 
Fig. 3.37 Penetration of ogival and spherical nose projectiles into dry 107 
sand in ground trench 
Fig. 3.38 Penetration of conical nose projectiles into saturated sand in 108 
ground trench 
Fig.3.39 Penetration of ogival and spherical nose projectiles into 108 
saturated sand in ground trench 
Fig. 3.40 Penetration of conical nose projectiles into compacted sand in 109 
ground trench 
Fig. 3.41 Penetration of ogival and spherical nose projectiles into 109 
compacted sand in ground trench 


































Penetration of ogival and spherical nose projectiles into 110 
compacted clay in ground trench 
Penetration of conical nose projectiles into stratified soil in 111 
ground trench 
Penetration of ogival and spherical nose projectiles into HI 
stratified soil in ground trench 
Variation in penetration depth of projectiles with nose angle 112 
(Loose-dry sand) 
Variation in penetration depth of projectiles with nose angle 112 
(Saturated sand) 
Variation in penetration depth of projectiles with nose angle 113 
(Compacted sand) 
Variation in penetration depth of projectiles with nose angle 113 
(Compacted clay) 
Variation in penetration depth of projectiles with nose angle 114 
(Stratified soil) 
Presentation of total penetration depth of conical nose 114 
projectiles in different target materials 
Presentation of total penetration depth of ogival and hemi- 115 
spherical nose projectiles in different target materials 
Presentation of total penetration depth of shaft of conical nose 115 
projectiles in different target materials 
Presentation of total penetration depth of shaft of ogival and 116 
hemi-spherical nose projectiles in different target materials 
Presentation of penetration depth of projectiles in stratified soil 116 
target materials 
Presentation of penetration depth of spherical balls in different 
target materials 
xvn 
Figure Title Page 
No. 
Fig. 3.57 Post test photograph of cavity expemsion in loose and dry SEind 
in tank 
Fig. 3.58 Post test photograph of cavity expansion in loose and dry sand 
in ground trench 
Fig. 3.59 Post test photograph of projectile penetration into saturated 
sand in tank 
Fig. 3.60 Post test photograph of cavity expansion of saturated sand in 
tank 
Fig. 3.61 Post test photograph of projectiles penetrated into compacted 
sand in trench 
Fig. 3.62 Post test photograph of ogival nose projectile penetrated into 
compacted clay 
Fig. 3.63 Post test photograph of ogival nose projectile penetrated into 
stratified soil 
Fig. 3.64 Post test photograph of spherical balls into saturated sand 
Fig. 4.1 Projectile models with ogival, conical and spherical nose 141 
geometry 
Fig. 4.2 Hydrostat vs Volumetric strain 
Fig. 4.3 Material models represented by the mathematical model 142 
Fig. 4.4 Geometry of the problem 143 
Fig. 4.5 An element ring of cylindrical cavity expansion (CCE) model 
at equilibrium 
Fig. 4.6 Computation of if (z) and forces at nose of projectile 
Fig. 4.7 Forces acting at nose of projectile 
Fig. 4.8 Response regions for the spherically symmetric, cavity 145 
expansion problem 
Fig. 4.9 An element ring of spherical cavity expansion (SCE) model at 146 
equilibrium 
Fig. 4.10 Schematic representation of Runge-Kutta self iterative 
XVllI 
Figure Title Page 
No. 
shooting method 
Fig. 4.11 Flow chart of projectile penetration problem 
Fig. 5.1 Time history of present study ogival nose model (Oi=15°) for 172 
dry sand 
Fig. 5.2 Time history of Forrestal and Luk model (Oi=\ 5°) for dry sand 172 
Fig. 5.3 Time history of present study ogival nose model (02=30°) for 173 
dry sand 
Fig. 5.4 Time history of Forrestal and Luk model (02-30°) for dry sand 173 
Fig. 5.5 Time history of present study ogival nose model (03=45°) for 174 
dry sand 
Fig. 5.6 Time history of Forrestal and Luk ogival nose model (03=45°) 174 
for dry sand 
Fig. 5.7 Time history of present study spherical nose model (S=90°) for 175 
dry sand 
Fig. 5.8 Time history of Forrestal and Luk spherical nose model 175 
(S=90°) for dry sand 
Fig. 5.9 Variation of resisting force on ogival nose projectile (0\) with 176 
time for loose and dry sand target 
Fig. 5.10 Variation of resisting force on ogival nose projectile with time 176 
for loose and dry sand target 
Fig. 5.11 Variation of velocity and depth with time for ogival nose 177 
projectile (Oi) for loose and dry sand target 
Fig. 5.12 Effect of nose angle on penetration depth 177 
Fig. 5.13 Effect of total length to diameter ratio of (Ci, Cj and C3) on 178 
penetration depth 
Fig. 5.14 Predicted and experimentally observed deceleration time 
history 
Fig. 5.15 Predicted and experimentally observed deceleration time 
histories 
XIX 
Figure Title Page 
No. 
Fig. 5.16 Predicted and experimentally observed deceleration time 
histories 
Fig. 5.17 Predicted and experimentally observed deceleration time 
histories 
Fig. 5.18 Predicted and experimentally observed deceleration time 
histories 
Fig. 5.19 Predicted and experimentally observed deceleration time 
histories 
Fig. 5.20 Variation of deceleration with time and striking velocity 
Fig. 5.21 Variation of deceleration with time and striking velocity 
Fig. 5.22 Variation of deceleration with time and striking velocity 
Fig. 5.23 Variation of deceleration with time and striking velocity 
Fig. 5.24 Shear strength versus pressure for the soil target 
Fig. 5.25 Variation of missile velocity and penetration depth with time 
Fig. 5.26 Variation of missile velocity and penetration depth with time 
Fig. 5.27 Variation of missile velocity and penetration depth with time 
Fig. 5.28 Variation of missile velocity and penetration depth with time 
Fig. 5.29 Effect of CRH on penetration depth 
Fig. 5.30 Effect of CRH on deceleration of missile 
Fig. 5.31 Effect of coefficient of friction on penetration depth 
Fig. 5.32 Effect of missile mass on penetration depth 
Fig. 5.33 Effect of modulus of elasticity of target on penetration depth 
Fig. 6.1 Problem formulation 211 
Fig. 6.2 Sensitivity diagram 211 
Fig. 6.3 Variation of reliability index with impact velocity 
Fig. 6.4 Variation of reliability index with depth of geomaterial 
Fig. 6.5 Variation of reliability index with density of concrete target 
Fig. 6.6 Effect of reliability index with caliber radius head 


















Variation of reliability index with density of concrete target 
Effect of uncertainty in impact velocity 
Effect of uncertainty in projectile mass 
Effect of uncertainty in projectile shank radius 
Effect of uncertainty in geomaterial bulk modulus 






Impact and penetration of missiles / projectiles into geomaterials and man made 
structures has interested many generations of researchers. After the Second World 
War, most of the countries started making shelters against missile attack with or 
without nuclear head. With modernization and population increase lot of civil utility 
structures have come up as underground facilities for transport, metros, hydro power 
stations etc. Recent nuclear tests conducted in the subcontinent have further awakened 
the investigators for undertaking extensive study on the subject of missile impact 
involving different types of targets, particularly the geomaterials under which the 
strategic structures such as army bunkers and Nuclear Power Plants {NPP) are placed. 
The housing of these strategic structures underground is considered the most effective 
and efficient way to save them from any possible damage. The safety or destruction of 
these structures requires the penetration analysis of the overlying geomaterial and 
forces exerted by missiles on these structures. 
The subject and the general methods of measurement, analysis and interpretation of 
processes involved in the impact of penetrators on targets can be divided into, (a) 
empirical relations based on experimental results; (b) analytical models of the 
penetration resistance and the failure mode of the target; (c) analytical models for 
hypervelocity impact conditions; (d) numerical evaluation of the interaction and (e) 
experimental methods of data collection. 
The present study includes experimental program involving projectile penetration into 
various soil targets. Mathematical modeling of cylindrical and spherical cavity 
expansion formulation of the problems is carried out with material modeling, 
equations of motion and the numerical solution of missile penetration problems. 
A software program is developed for the numerical solution of penetration model. The 
models developed for the purpose are validated through the generated experimental 
data. The results of analysis are also compared with experiments and also with the 
results of analysis available in literature. The reliability analysis of projectile 
penetration into the buried concrete target using first-order reliability method {FORM) 
has been done by design points located on the failure surface for probabilistic design. 
The sensitivity analysis has been incorporated to study the influence of various 
random variables on projectile reliability. Few parametric studies have also been 
presented to obtain some results of applied and field interest. 
1.2 PROJECTILE IMPACT PROBLEMS 
The projectile impact situations cover a wide variety of loading, such as impact of 
freely falling object (drop hammer), impact of projectiles, blast loading, jet impact, 
hypervelocity impact, and structural crushing. The dynamic response to impact is 
complex and is dependent on many factors such as velocity of striker, size of striker, 
contact area at the impact zone, size of the target structure, material properties of the 
target structure etc. The term 'structural crashworthiness' is used to describe 
investigation into the impact performance of a structure when it collides with another 
object. Structural impact problems have become increasingly important for the 
industry. In the design of offshore structures, accidental loads are taken such as 
dropped objects, collisions, explosions and penetration of fragments. Some of these 
accidental loads are also pertinent in the design of protective structures in the process 
industry or fortification installations for defence purpose. In the transport industry, 
energy absorption and crashworthiness are of critical importance in the design process 
for vehicles, vessels and aircrafts. Also, many of the problems found in structural 
impact are relevant to metal-forming operations. 
Most of the work done in the area of fast and transient loading is experimental in 
nature. This is due either to complexities of geometry or to the non-linearity of 
material behavior or both. Closed-form analytical solutions are generally rare and 
apply only to some small subset of the overall problem. Numerical simulations with 
Finite Element (FE) code have, on the other hand, been used successfully recently. In 
particular, the combinations of high-precision experiments, advanced numerical 
algorithms and appropriate constitutive models are found to be very effective. 
The possible relative speeds in impact situations vary from less than 10 m/s to 10 m/s 
and the phenomenon of impact occurring at different speeds may be altogether 
different. The low impact velocity may give rise to quasi-static response and 
sufficiently large impact velocity, which causes the properties of the target material to 
change significantly. Researchers have identified several permanent deformation 
mechanisms during the course of a projectile impact. These mechanisms depend on 
various single and/or in combination parameters. Some of these parameters, apart 
from the velocity of impact are ductility and brittleness of plate and projectile, 
elasticity of the material, shape of the projectile, projectile diameter-plate thickness 
ratio, density of the materials and angle of impact. The response of the structure due 
to impact loading depends on the projectile mass, its velocity and the relative 
rigidities of the projectile and the structure. Where the structure is very rigid, the 
projectile undergoes extensive deformation and almost the entire kinetic energy is 
transformed as deformations in the projectile. This impact is termed as 'Soft Impact'. 
When the projectile is rigid, the energy of the striker is of larger extent, absorbed by 
the deformation in the structure then the process is termed as 'Hard Impact'. A 
transient dynamic analysis with a suitable mathematical model for the structure and 
striker accounting for the material non-linearity and local damage is essential to 
obtain a reasonable non-linear dynamic response of the structure. 
1.3 HISTORICAL BACKGROUND 
Historically, studies in missile penetrations were initiated according to military needs 
more than two centuries ago [Robins, (1742) and Euler, (1745)]. Some early studies 
by Allen, (1957); Rachmatullin et al. (1964); Thompson, (1975) and Zukas et al. 
(1982) have focused on the impact and subsequent penetration of instrumented 
projectiles. Experimental studies on the dynamics of soil penetration by low-velocity 
projectiles stimulated the development of theoretical modeling of the dynamic 
phenomena of impact and penetration in solids [Zukas et al. (1982)] and in soils 
[Sogomonyan, (1974); Boguslavskii et al. (1996)]. These theories were mostly based 
on dynamic plasticity and dynamic wave propagation and did not adequately 
characterize the extremely complex process of vertical penetration in granular soils. 
Current experimental studies have concentrated on assessment of the influence of 
projectile shape on depth of penetration [Forrestal et al. (1986, 1991)] or fitting of 
results to existing theoretical models [Taylor et al. (1991); Hearst and Lynch, (1994)]. 
Such an approach avoids analysis of the physical properties/processes of penetration 
phenomena. Comparison of theoretical and experimental results allowed us to solve 
the inverse problem of dynamic penetration and to determine the properties of 
penetrated soil media. 
A detailed review of past investigators shows that considerable work has been done in 
the area of impact of missiles on plates, shells etc. [Abbas, (1995); Abbas et aJ. 
(1995); Corbett et al. (1996)]. However, studies available on impact of missiles on 
geo-material targets are scanty. The past investigators have carried out penetration 
study of missiles into geological targets using three types of models: (a) Empirical 
Model (b) Cavity Expansion Model and (c) Model of Orthogonal Layers. Empirical 
models are specific to the experimental data for which they have been developed The 
Cavuy Expansion model has been developed with the assumptions that when a missile 
impacts penetrates the geo-material target, it creates a cavitv Th" • 
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considered as a set of independent layers and the element line is assumed orthogonal 
to the nose surface. 
Using above models, past investigators have proposed various formulae for the 
prediction of deceleration-time history, penetration depth, forces at missile nose etc. 
These expressions have been mostly derived for linear material model of the target 
and normal impact of missiles having or assuming equivalent conical nose shape. The 
friction on nose and missile aft body has been neglected by most of the past 
investigators. In addition to these, almost all the investigators have carried out their 
analyses on deterministic basis [Norwood and Sears, (1982); Yankelevisky, (1988)]. 
However, most of the parameters such as material characteristics, angle of impact, 
velocity of missile and occurrence of various events are highly probabilistic. The 
aspect of reliability in such analysis is also an area to be pursued [Hwang et al. 
(1985); Liemerdoff and Sutterlin, (1988); Schueller and Ang, (1992); Liang and Zhou, 
(1999)]. The study of reliability becomes essential if buried structure is the 
containment ofaNPF which on being hit may lead to the leakage of nuclear radiation 
leading to nuclear hazard with far reaching consequences for the generations to come. 
It is due to this reason that a very small annual probability of failure of order 10"^  to 
10" IS kept m the design of such containment structures [Abbas, (1995); Abbas et al. 
(1995)]. The economic considerations due to low probability of such loads but 
coupled with hazardous consequences compels the designers to reduce safety margins 
thus requiring precision in its analysis and to incorporate the aspects of reliability in 
the process of design [Siddiqui and Ahmad, (1998); Siddiqui and Ahmad, (2000); 
Siddiqui and Ahmad, (2001)]. 
Mechanics of missile penetration requires proper modeling of target material, which is 
still considered the weakest link in the chain of analyses. However, many models 
have been recently developed by Yu and Mictchell in 1998 and Danziger et al. in 
1999 for modeling of geological targets, but none of the models are capable enough to 
simulate the response of missile penetration properly. It is proposed, therefore to 
improve the material models and to introduce the aspect of probability in them. 
1.4 MISSILE 
Missile is a flying object capable of being projected or hurled, usually with the intent 
of striking some distant object and having the potential of causing damage. Generally, 
a modern missile is a weapon that is self-propelled after leaving the launching device 
and thus excludes projectiles fired from guns and free falling bombs. However, some 
guided bombs, especially those guided after launch, are also frequently classed as 
missiles. A missile hitting structures may have intentional objective i.e. enemy 
focuses their attention to a particular target and guides their missile until it hits the 
target. The non-intentional objectives include hitting some structure due to some 
error, fault and miss identification. 
In the present study, a missile is taken as a flying non-explosive projectile with the 
potential of causing damage to the target. The missiles may be of any of the following 
nose shapes: 
i) Conical nose shaped missile 
ii) Ogival nose shaped missile 
iii) Hemi-spherical nose shaped missile 
The details and specifications of some of the popular missiles are given in Table 1.1. 
1.5 UNDERGROUND SITING OF STRUCTURES 
Nowadays, many strategic structures are buried underground to protect them against 
external acts of war with conventional weapons, sabotage or terrorism. The various 
significant valuation factors taken into considerations in case of underground siting 
are shown in Fig. 1.1. 
The underground placing of structures has a considerable advantage with respect to 
the potential events of the strike of missiles generated from an aircraft impact, aircraft 
crash, environmentally generated missiles or enemy missiles etc. In this case, the 
earth coverage provides an excellent stopping medium. Here the direct load transfer to 
the concrete building is substantially reduced by energy dissipation by the soil cover, 
as well as diminution of the impact surface and load distribution to the concrete 
building. Additionally the surrounding soil cover has a stabilizing effect to the 
building. 
Young, 1967 developed empirical formulae for predicting depth of an earth-
penetrating projectile with the impact velocity. According to these calculations, the 
minimum soil cover for the berm contained - concept can be evaluated depending on 
the desired safety level. 
Regarding the considerations in concerning structural response to seismic impact/ 
advantages could be observed for burial structures because some attenuation effects 
regarding the depth are expected due to seismic induced motions. A supplementary 
theoretical study [Santa Monia, (1977)] for typical, soft soil and hard rock site 
performed on 2-D FE basis has proved the tendency of attenuation effects with depth. 
The underground structures have considerable safety advantages under pressure wave 
impacts induced by chemical explosions or similar external influences. The soil 
coverage provides a safety measure against pressure wave loading. 
In particular, for safety purpose underground placing of NPP is required which can be 
realized based on two different constructional concepts: cut-and-cover burial (8-10 m 
coverage of soil) and mined-rock-cavem. Both methods depend on topographical and 
geological characteristics, e.g. soft soil or competent rock conditions. The potential 
safety gain due to radioactive release from NPP is one of the predominant factors 
when comparing surface to subsurface facilities. For underground nuclear power 
plants an additional pathway is imaginable, i.e. a fission product transport through soil 
or rock before the atmosphere is reached. Assuming leak-tight access-ways this 
potential radionuclide release pathway might contribute to a considerable gain in 
safety because in a case like this, the soil has an additional filtering effect. 
Problems concerning the protection from sabotage acts seem to be combined with 
some important plant security improvement for underground placed NPP. The 
external sabotage threats can be substantially restricted since vital areas of the 
underground plant are concealed. To prevent internal sabotage acts by unauthorized 
entry administrative control to be provided independent of an above or underground 
concept. 
1.6 TARGET 
The target may be defined as the smallest functionally and/or structurally independent 
object whose function is to be impaired by a missile. The target in the present study is 
basically the soil / rock and the structure buried underneath. The modeling of soils for 
problems in soil dynamics is challenging because soils in nature have large 
differences in physical and chemical properties. Moreover, it is difficult to determine 
for each soil which physical properties are significant in soil dynamics. At one range 
of impact velocities, one group of soil properties may be significant where as at a 
different range in impact velocities another group of soil properties may become 
significant. The varieties of soils, which are found on the earth's surface, may range 
between those, which resemble a solid rock to those, which resemble a viscous fluid. 
The real soil is neither homogenous nor isotropic. In order to make a theoretical 
treatment of this material, some idealization and generalization are desirable. The soil 
is regarded as a material of three phases: solid, air and water. The strength and 
modulus of deformation of soil depend on 
i) Type, shape, and distribution of the solid particles 
ii) Structural arrangement of the solid particles 
iii) Chemical properties of the solid particles 
iv) Air and water content 
v) Void ratio and porosity 
vi) Mass density 
vii) Original confining pressure 
viii) Stresses caused by the loading element and 
ix) Size of loading element 
The compressibility of soil grains is in the order of 2.8 x 10'* to 5.6 x 10"^  m^lkN 
while the cubical compressibility of water is 9.5 x 10"^  m^lkN. Both water and soil 
grains may be regarded as incompressible while soil structure of dry and half-
saturated soil is compressible. Saturated-soils are essentially incompressible during 
rapid loading, since the water does not have enough time to drain out. Pulverization is 
expected to occur during missile entry into soils composed of large particles such as 
gravel (size range 200 to 2 mm) and sand (size range 2 to 0.06 mm). The particle size 
of silt ranges from 0.06 mm to 0.002 mm and clay particle sizes are smaller than 0.002 
mm. It may be assumed that there is no pulverization in silt and clay. 
The shock of impact in sand may cause dilatancy. If its density is greater than the 
critical density, its volume increases upon impact, and, if its density is smaller than 
the critical density, then its volume decreases. Critical density is defined as a 
transitional density at which there is no volume change of sand during shear. It is also 
assumed that waves generated by the impact will change the soil structure, especially 
of loose unsaturated sand. It may be assumed that the penetration mechanism is 
mainly dependent on the shear strength of soils. The shear strength of soil is greatly 
influenced by water content and soils found in nature have, almost without exception, 
some water. Therefore, the study of saturated soils, as the extreme case of water 
content, is as important as the study of dry soils. 
1.7 OBJECTIVES AND SCOPE OF WORK 
Underground structures such as bunkers, buried nuclear containment etc. are the 
target of enemy during wartime. For hitting these structures missiles have to penetrate 
the overlying soil (Figs. 1.2 and 1.3). Safety or destruction of such targets depends on 
correct estimation of depth of penetration, force and stresses in surrounding soil 
medium. It is due to these reasons that the problem of missile penetration into soil 
targets achieves great significance. Though studies are available pertaining to the 
impact of missiles on targets such as metallic plates, shells, concrete barriers etc. 
[Corbett et al. (1996); Goldsmith, (1999)], the work on soil targets is scanty. This is 
perhaps due to the difficuhy in soil modeUng and difficuhies involved in the 
development of experimental set up for such studies. 
It is almost well established that when a missile impacts and penetrates the soil target, 
it creates a cavity. This cavity expands under the action of stress waves generated in 
the target medium. To study the expansion phenomenon, three models have been 
reported in the literature viz. spherical cavity expansion model, cylindrical cavity 
expansion model and model of orthogonal layers [Goldsmith, (1999)]. Using these 
models, past investigators have proposed various formulae for the prediction of 
possible deceleration time history, penetration depth, forces at the missile nose etc. 
These expressions, however, are usually analytical in nature and derived with number 
of idealizations. Numerical approach to study the penetration problem is however, 
scanty. Moreover, analysis that considers frictional forces on missile nose is also not 
reported widely. 
In the light of the above critical review, it is observed that though a large number of 
impacts of missiles on targets such as metallic plates, shells, concrete barriers etc. are 
available in literature but none is capable of considering the mechanics of missile 
penetration into geological target properly. Several theories and approaches have been 
published but these attempts cannot be relied with full confidence as they fail much 
below the described accuracy. However, the effort is in progress all around the globe 
to achieve better theory with least assumptions. The proposed work plan is also an 
effort in the same direction with the following objectives: 
i) 
") 
It .s proposed to carry out state-of-the-art review in the related areas such as 
the mechanics of missile penetration, reliability analysis etc. Dev.w 
understanding about the mechanics of missile penetration into different type of 
S0.1 medmm under impact loading under different conditions 
It .3 proposed to develop analytical model for the penetration of no^al impact 
ofpro.ect.es for different shapes of the . nose for determining the d p Z 
penetration, state of stress, force at the nose etc. ' 
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iii) It is proposed to develop a numerical procedure and a software program for 
the solution of analytical models developed for the penetration analysis. 
iv) It is proposed to conduct experiments for the penetration of projectiles of 
different nose shapes into different types of soil targets. 
v) It is proposed to validate the models with the experimental data generated 
through experiments and with the data available in literature. To predict 
deceleration time history and penetration depth under normal impact of 
projectile into soil targets considering linear as well as Non-Linear material 
models. 
vi) To carry out some usefiil parametric studies for obtaining the results of 
practical interest. 
vii) To suggest areas for further study and research in this field. 
1.8 LAYOUT OF THESIS 
The present work is distributed into seven chapters. The first chapter introduces the 
problem of missile penetration into geomaterials, deals with the historical background 
and enlists the objectives and scope of work. 
The second chapter covers the literature review related to the missile penetration 
problem covering different techniques and their discrepancies, if any. In this chapter, 
different approaches to treat the penetration problem are discussed. In each section, 
comments are made regarding the limitation / discrepancies, if any, of different 
approaches. 
The third chapter deals with experimental program involving missile penetration 
studies carried in the laboratory. The properties of target materials and the procedure 
of their deposition are given in detail. The geometry of missiles of different nose 
shapes is given. The test results of experimental study of projectile penetration in 
sand, clay and layers of sand and clay under different conditions of moisture and 
compaction in rectangular tank and ground trench are presented. The results of 
experimental study are discussed in relation with different parameters. 
II 
The fourth chapter deals with the mathematical modeling of cylindrical and spherical 
cavity expansion and formulation of the problems under certain assumptions. In this 
chapter, material modeling, equations of motion and the numerical solution of missile 
penetration problems are discussed. A software program is developed for the 
numerical solution of penetration model. 
The fifth chapter deals with various numerical problems in which the effect of various 
parameters on the performance of missile penetration is discussed. The models 
developed for the purpose are validated through the experimental data generated. The 
results of analysis axe also compared with experiments and results of analysis 
available in literature. 
The sixth chapter deals with the reliability analysis of projectile penetration into the 
buried concrete target using first-order reliability method {FORM). Design points for 
probabilistic design, have been located on the failure surface. The sensitivity analysis 
is also carried out to study the influence of various random variables on projectile 
reliability. Few parametric studies have also been presented to obtain some results of 
field interest. 
The seventh and last chapter epitomizes the results of study. The major conclusions 
drawn from the study carried out in this thesis are presented together with suggestion 
for further research in this area and the improvements, which can be achieved in this 
direction, a number of recommendations are given in this chapter. 
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Underground structures such as bunkers, buried iiuclear contairunent etc. are the 
target of enemy during wartime. For hitting theses structures missiles have to 
penetrate the overlying soil. Safety or destruction of such targets depends on correct 
estimation of depth of penetration, force and stresses in surrounding soil medium. It is 
due to these reasons that the problem of missile penetration into soil targets achieves 
great significance. Though studies are available pertaining to the impact of missiles 
on targets such as metallic plates, shells, concrete barriers etc., the work on soil 
targets are scanty. This is perhaps due to the difficulty in soil modeling and 
difficulties involved in the development of experimental set up for such studies. It is 
due to these reasons that the mechanics of missile penetration into soil and other types 
of target is a matter of interest and research for long time. Historically, studies in 
missile penetrations were initiated according to military needs more than two 
centuries ago and are still the emerging area of research. The study of mechanics of 
missile penetration requires modeling of the process, modeling of the material and 
interaction studies. The modeling of the process involves dynamic response studies. 
The parameters involved in the process being probabilistic rather than deterministic, 
reliability analysis is often required in assessing the damaging potential of missile 
and/or evaluating the performance of the structures that are buried underneath. 
A detailed study of available literature pertaining to the different aspects of the 
problem of missile penetration and reliability analysis has been made and the major 
works are discussed in this Chapter. The shortcomings and scope of further 
improvement, if any, in experimental as well as the analytical studies have been 
highlighted and discussed wherever felt necessary. 
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2.2 MECHANICS OF MISSILE PENETRATION 
The missile penetration studies have a long and rich history starting from the 
pioneering works by Robins (1742); Euler (1745); Poncelet, (1829) and others. Most 
of this work, motivated by military or geophysical applications, was concerned with 
high speed impacts when the body penetrates deep into the medium. In the 1940's 
Govenmient, laboratories, such as the Ballistic Research Laboratory (BRL) and the 
Waterways Experimental Station {WES), began gathering experimental penetration 
data for the development of empirical formulas. 
Several theories have been put forward to understand the phenomena and to develop 
estimation techniques. Corbett et al. (1996) and Goldsmith (1999) presented a 
comprehensive survey on the mechanics of missile/projectile penetration on various 
types of targets. A detailed review of the literature shows that the available 
approaches to study the mechanics of missile/projectile penetration may be grouped 
into the following four main categories: 
i) Empirical approach 
ii) Analytical approach 
iii) Numerical approach and 
iv) Finite element technique 
These approaches with the available experimental data in literature are discussed in 
subsequent sections. 
2.2.1 Experimental Data 
Sandia National Laboratories (SNL) first began its earth penetration program (which 
was later named "Terradynamics") in 1960, with the objective of developing the 
technology to permit the design of a nuclear earth penetrating weapon (EPW). The 
combination of greatly enhanced ground shock due to coupling, and reduced 
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radioactive fallout made a nuclear EPW very attractive. By the mid 1960's the 
feasibility of such weapon had been demonstrated, and a significant experimental 
database had been developed. Researchers have performed numerous impact 
penetration studies on soil and concrete targets to gather experimental data required to 
understand the process of penetration. 
Before Sandia began its terradynamics program, the problem of penetration 
mechanics had been studied both analytically and experimentally for over 300 years. 
During World War II, the Germans developed and tested a penetrator called the 
Roeschling Round, and the Allied Forces developed and tested several versions of a 
very large Semi Armor Piercing (SAP) weapon. However, the technology of 
penetration mechanics remained in its infancy. Some early studies by [Allen, (1957); 
RachmatuUin et al. (1964); Thompson, (1975) and Zukas et al. (1982)] have focused 
on the impact and subsequent penetration of instrumented projectiles used for soil 
investigation. 
Some other studies for rock targets by [Frew et al. (2000); Forrestal and Hanchak, 
(2002)] used solid, ogival nose projectiles with diameters between 7 and 30 mm and 
masses between 0.02 and 1.6 kg. In addition, the target diameter to projectile diameter 
ratios D/d was between 25 and 30. Studies on acceleration during launch and 
deceleration during penetration were also carried out simultaneously and it has been 
found that the projectiles lost small amounts of mass through abrasions and 
experienced relatively small deformations [Forrestal et al. (1994, 1996, 2003) and 
Frew et al. (1996, 2000)]. These studies provided penetration depth versus striking 
velocity data and information for some empirical penetration models. Forrestal et al. 
(2003), presented deceleration versus time measurements for ogival nose, 76.2 mm 
diameter, 13 kg projectiles and concrete targets with average compressive strengths of 
23 and 39 MPa. These larger diameter projectiles were machined from 4340 Re 45 
steel and designed to contain a single channel acceleration data recorder [Rohwer 
(1999); Forrestal et al. (2003)] and it has been suggested that rigid body deceleration 
data presented provides a measure for net force on the projectile nose during the 
penetration event [Forrestal et al. (2003)]. The target diameter for that study was 
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1.83 m and the target diameter to projectile diameter ratio was D/2R = 24. Thus, the 
largest target diameter for their early studies with solid rod projectiles was 0.91 m; 
whereas, the target diameter for the projectiles with structurally mounted acceleration 
data recorders was 1.83 m [Forrestal et al. (1994, 1996); Frew et al. (1998)]. 
Savvateev et al. (2001), performed a series of experiments at the exploring high speed 
impact of bullet on non-solid target were carried out at Institute of Problems of 
Electro physics of Russian Academy of Sciences (IPERAS). The electro-discharge 
launcher {EDL) employed in these experiments can reach the projectile velocities of 4 
km/s. Experimental equipment was used to measure the penetration depth of bullet, 
its path inside the sand and the shock waves caused by the high speed bullet impact. 
The influence of bullet material, shape and velocity on its penetration depth into sand 
was measured. These data allowed a determination of the main characteristics of 
projectile for deep penetration into sand. 
2.2.2 Empirical Approach 
Based on experimental data of full-scale and small-scale tests of missile penetration 
into geomaterials suitable empirical correlations have been proposed by several 
investigators, which gives acceptable results. Generally, for geological targets the 
interest is focused on the prediction of penetration depth, penetrator deceleration 
history and stresses on the nose. 
The usual empirical relationship for the predication of penetration depth, Z is 
Z = f,{N\f,{W I A).f,{v).f^{s) (2.1) 
where, 
N ~ nose shape coefficient, 
W = weight of the projectile in ^ iV, 
A = cross-sectional area of the projectile in m^, 
V = impact velocity in m/s, and 
S = soil penetration index. 
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Prior to the 1967 publication of the penetration equations, the Sandia Terradynamics 
Program was classified, and there were few formal publications on the subject 
[Young, (1967)]. In 1969, the basic penetration equations were published in the 
Journal of Soil Mechanics and Foundations, which have been later, modified [Young, 
(1992)]. The following equations were used to predict the depth of penetration into a 
uniform layer or half space (excluding frozen soil): 
Rock, Concrete, or Soil: 
Z=O.OOSKSN(m/A)°'' ln{l + 2A5V,^\0-^) ¥oTVo<6\m/s (2.2) 
Z=0.000018 ^;V(/w/^)'"(Fo-30.5) ¥oTVo>6\m/s (2.3) 
Frozen Saturated Soil or Ice: 
For Fo<61 m/s 
Z=0.00024 SN(m/Af' In (1 + 2.15 FM0-'')ln(50+0.29/n') (2.4) 




A'^  = Nose performance coefficient, 
S = Penetration resistance parameter, 
K =0.21 {mf for soil and/w < 27 )tg 
= 1.0 for soil and m > 27 kg 
= 0.46 (m)"'^ for rock/concrete and m<\%2kg (2.6) 
= 1.0 for rock/concrete and m>\ 82 kg (2.7) 
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Originally, the development of A'^  was based on soil penetration data, and most of the 
data were from tests at relatively low impact velocity. It was later found that the same 
coefficient applies when the target materials are rock, concrete, ice and frozen soil, 
and further, there appears to be no velocity dependence. Depending upon the tests 
carried out in Sandia National Laboratory, Triandafilidis (1976), has suggested the 
nose shape coefficient for different type of nose shapes as: 
N = 0.56 + 0A27L/R For conical nose (2.8) 
N = 0.56 + 0.092L / R For ogival nose (2.9) 
where. 
L = Nose length of missile 
R = Radius of projectile 
As shown in Fig. 2.1, an ogive is the arc of the circle tangent to the shank. It is 
common to define the ogive in terms of Caliber Radius Head CRH(if/y. 
CRH{yf) = ^ (2.10) 
where, 
R' = Radius of curvature of arc, 
R = Shank radius. 
The nose performance coefficient, also referred to as N, is used in the penetration 
equations given by Forrestal et al. (1993). The general effect of the nose shape on 
penetration is similar among all the equations, but the magnitude of N itself is 
different. 
The parameter S for different materials is calculated from: 
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= ^-7ifcQy°^ For rock 
= 2 to 60 For soil depending upon the type of soil 
= 4.5 ± 0.25 For ice 
= 2.25 to 7.00 For frozen soils 
where, 
/ J = Unconfined compressive strength of rock in MPa 
Q = Quality parameter of rock as affected by joints, cracks, fissures, bedding 
planes, etc. It is similar in concept to RQD (Rock Quality Designation) and 
ranges from 0.1 to 1.0 
The accuracy in the prediction of depth of penetration for homogeneous layer is 20% 
and for layered medium is 50%. 
Brown, in 1986 has presented historical account of empirical approaches for 
penetration and perforation of concrete targets. These empirical equations result from 
curve-fits with test data and do not provide physical descriptions. In addition, the 
empirical equations are expressed in terms of specific units, so these equations are 
dimensionally non-homogeneous. Forrestal et al. (1994) presented an empirical 
penetration equation for rigid ogival nose projectiles in concrete targets under normal 
missile impact. The equation was found in good agreement with experimental results. 
Forrestal et al. (1996), presented depth of penetration v/s striking velocity data for 
projectiles launched into grout and concrete targets. They determined experimentally 
the striking velocity corresponding to maximum depth of penetration. This 
penetration equation contains a single, dimensionless empirical constant S for fixed 
values of unconfined compressive strength f'c of the concrete target. For an ogival 
nose, solid rod projectile, the penetration equations can be put in a form that displays 
clearly the problem parameters. 
The nose length {L) and projectile mass {m) [Forrestal and Luk (1992)] are given by 
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where, / = shank length, and Pp - projectile density. 
Penetration depth of projectile, Z can be obtained from the following relation 
[Forrestal and Luk (1992)]: 
Z = 
A^  = 
{l + kR) 
IN 
8 ^ - 1 
2V 
^ I n 
\Po 






l + kR 
\ + N\ 4R ' 
I + kR KPr) 
(2.16) 
where, Fo= striking velocity of projectile, Vi= projectile velocity at penetration depth, 
Z = 4R, /c = unconfmed compressive strength of concrete. 
Frew et al. (1998) conducted some additional experiments to examine the accuracy of 
penetration equations proposed by Forrestal et al. (1994, 1996), and found agreement 
with experiments. Hadala (1972) compared several independent prediction of 
penetration test, which was performed at DRES testing site in Sandia Laboratories, 
Albuquerque, New Mexico. 
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Chen and Li (2002) developed a general non-dimensional formula for predicting 
penetration depth into several mediums subjected to a normal impact of a non-
deformable projectile. The proposed formula is based on the dynamic cavity 
expansion model and depends on two dimensionless numbers and shows good 
agreement with penetration tests on metal, concrete and soil for a range of nose 
shapes and impact velocities. The validity of the formula requires that the penetration 
depth is larger than the projectile diameter and the projectile nose length remains rigid 
without noticeable deformation and damage. 
Lixin et al. (2000), developed semi-analytical penetration equations for truncated 
ogival nose projectile by introducing a resistance constant for incorporating truncation 
effect on penetration. The equations were based on Forrestal's force model of ogival 
nose projectile. The semi-analytical model was in good correlation with experimental 
results. 
Empirical models developed until date is specific to the experimental data for which 
they have been developed and their extrapolation beyond the range of parameters for 
which these have been developed should be made with great caution. 
2.2,3 Penetration into Layered Targets 
There are several applications of the penetration equation, which involve layered 
targets. The two most common are the penetration of natural soil formations and the 
penetration of underground structures. The layering equations and techniques 
presented below are used for natural soil targets, but the SAMPLL code, [Young, 
(1992)] is recommended for calculating penetration into underground structures. 
The objective of the soil and rock layering technique is to better predict penetration 
distance. The approach is to calculate the average deceleration and the velocity 
change during penetration of each layer, until a layer found which could not be 
penetrated at the current velocity. The resulting calculated deceleration versus depth 
curve can be used to approximate the deceleration during penetration, but it will be a 
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very simplified approximation. A rule of thumb is that the peak deceleration in any 
one layer will be about 1.3 times the calculated average deceleration. 
The general technique presented below is the same as published by Young in 1972, 
but with the current penetration equations. The majority of geologic formations 
encountered by penetrators are layered, and using a single ^-number for these layered 
targets will result in significant errors. The following technique is used, [Richard and 
Thomas, (2000)]: 
Step 1 Calculate {S^ \ , the weighted average of the penetrability of all the layers 
above the «"" layer, using eq. 2.17 
(s^i-ytk) fc.j (2.17) 
th Step 2 Calculate S„, the effective penetrability of n soil layer, using eq. 2.18 
S„=(S.l\l-l976R„/(S,):''(m/A)''V,\ (2.18) 
where, 
Sr = the estimated iS-number of the layer, independent of its vertical location 
Step 3 Calculate Z„, the penetration distance into the n"^ layer of soil, using eqs. 
2.19 and 2.20. 
Z„=O.OOSKSN(m/Af' ln{\ + 2A5V,'lO-*) ForVo<6\m/s ftA9) 
Z„=0.0000\iKSN(m/A)°'(V,-30.5) Forro>61/wA (2.20) 
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It is used as either part of the total distance, or to calculate the average 
deceleration in the n layer, as discussed in steps 4 and 5, respectively. 
Step 4 If Z„ < T„ /sinO, then Zioiai=d„ /sind + Z„, where Ztotai is the total penetration 
distance, T„ is the thickness of target and d„ is depth at which «'*' layer 
begins 
If Z„ > TJsin 6, continue to the next step. 
Step 5 Calculate the average acceleration in the n^ layer of soil, using Eq. 2.21 
a„ = V„'l2gZ„ (2.21) 
Step 6 Calculate V„+i, using Eq. 2.22 Obviously, the exit velocity from the '«' layer 
is the same as the impact velocity of the ' «+ / ' layer. 
V = K'-2ga„(T„/sme)f (2.22) 
Step 7 Repeat Steps 1 through 4 for the next or '« + / ' layer. 
It is not clear why the concept of effective penetrability for soil penetration is 
necessary, but it was developed to match the measured deceleration records from 
numerous tests into layered soil targets. For penetration of a rock layer, the concept of 
effective 5-number does not apply; that is, the effective S-number is the same as the 
reference i'-number. 
2.2.4 Analytical Approach 
Analytical approaches to study the penetration problems begin with the assumption 
that when a projectile/missile penetrates the target it creates a cavity. This cavity 
expands under the action of stress waves generated in the target medium. To study the 
shape of the cavity thus formed and its expansion phenomenon, three models have 
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been reported in literature viz. Spherical Cavity Expansion Model (SCE), Cylindrical 
Cavity Expansion Model (CCE) and Model of Orthogonal Layers (MOL). Using 
these models past investigators have proposed various formulae for the prediction of 
possible deceleration time history, penetration depth, forces at the missile nose, etc. In 
1965, Goodier, developed a model to predict the penetration depth of rigid spheres 
launched into metal targets. He considered the target's inertial effects, and used the 
spherical cavity expansion model to obtain the target response. Forrestal and Luk 
(1992), derived an analytical equation for penetration depth into soil target using 
triaxial data obtained from samples cored from the target material. They employed 
spherical cavity expansion approximation to develop close form penetration equation 
for ogival nose projectiles that penetrated soil targets after normal impact. Forrestal et 
al. (1995), developed closed form penetration equations for rigid spherical nose rods 
that impact ductile metal targets. In their formulation, they first modified the 
Goodier's 1965, penetration model to conform to recent experimental observations 
and obtained penetration equations for an incompressible target material. Next, they 
developed closed form spherically symmetric, cavity expansion equations for 
compressible material and obtained penetration equations for a compressible target 
material. 
In 1997, Yankelevsky proposed a relatively simple disc model to describe the 
penetration and perforation mechanism of missile in concrete slabs. He modeled the 
process by two interconnected mechanism of missile in a concrete slab. In the first 
stage the missile penetrates a semi-infinite medium where rear slab face has no effect 
on the penetration process. When the plastic shock front ahead of the missile, which 
carries a considerably large amount of energy than the elastic wave ahead of it, meets 
with the rear boundary, curved shear cracks are developed and a bell shaped plug is 
formed. In the second stage the missile pushes the plug, shears it off the surrounding 
concrete zmd continues penetrating through it. The perforation thickness was then 
defined as the thickness required for penetrating and completely shearing off the plug, 
and bringing to a complete stop of the missile and the plug at the end of the above 
process. 
27 
The Cavity Expansion models have been developed with the assumptions that when a 
missile impacts/penetrates the geomaterial target, it creates a cavity. This cavity 
expands under the action of stress waves generated into the target medium. To study 
the shape of cavity thus formed and its expansion phenomenon, Spherical and 
Cylindrical Cavity Expansion Model (SCE and CCE) theories have been proposed in 
1982 by Norwood and Sears. Model of orthogonal layers (MOL) has been developed 
in 1988 by Yankelevisky in an attempt to advance the cavity expansion approach 
towards a better physical representation of soil penetrator interaction and obtained 
more useful results, which are an improvement over the previous models. In these 
models soil medium is considered as a set of independent layers and the element line 
is assumed orthogonal to the nose surface (Fig. 2.2). 
The renewed interest in this problem has emerged recently in granular physics with an 
emphasis on relatively low speed impact cratering [Uehara et al. (2003) and Ciamarra 
et al. (2004)]. Uehara et al. (2003), found a non-trivial scaling of the crater depth with 
the total energy of the penetrating body in the case of low speed impact. Ciamarra et 
al. (2004), studied the penetration of a circular disk in a two dimensional system and 
found that during a prolonged, "penetration phase" the deceleration of the disk is 
roughly constant and proportional to the initial impact velocity. They also performed 
soft particle molecular dynamics simulations of an analogous system and found 
similar behavior. 
Kolmogorov et al. (2007) performed mathematical simulation of impact induced deep 
penetration of a rigid spherical particle into an elastic-plastic medium,. The law of 
particle motion and the distance covered by the particle were determined. In solving 
the boundary value problem, the principle of virtual velocities and stresses and the 
phenomenological theory of fracture have been used. 
2.2.4.1 Cylindrical cavity expansion (CCE^ 
Norwood (1974), has developed the Cylindrical Cavity Expansion {CCE) model for 
the analysis of the penetration problem. He considered a semi-infinite cylinder and 
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derived the expressions for the radial growth as function of the pressure acting on the 
cylinder's boundary. Later on Yarrington (1977), formulated the CCE model in 
Lagrangian coordinates and gave special attention to materials that are weak in shear. 
The CCE is an approximate analytical technique where the target material is assumed 
to be a locking solid which may be compacted to a critical (locking) density with a 
minimum of pressure and further compaction is difficult to effect. Snow soil and 
porous media are examples of materials for which the concept of locking seems to be 
a reasonable assumption. 
The CCE approximation considers the target as thin independent layers normal to the 
penetration direction and allows only radial target motion which is reasonable for 
sharply pointed penetrator. During penetration, particle motion in the medium is 
strictly radial and determined by the shape and speed of the projectile. It is further 
assumed that in each layer a cylindrical cavity is created by the downward motion of 
the penetrator. The resulting stress on the cavity is used to compute the force on the 
penetrator [Forrestal et al. (1981)]. 
Thus using the CCE approximations, the penetration dynamic is reduced to a problem 
of radially symmetric stress wave propagation requiring the solution of a non-linear 
simultaneous partial differential equation. 
Lixin et al. (2000) introduced an additional resistance factor, to account for the 
truncation effect of the projectile nose on penetration, in the Forrestal and Tzou 
(1997), cavity expansion model. However, their approach gives reasonable results 
only when the truncated part of the nose is less than one third the original nose length. 
Teland and Sjol (2004), extended the cavity expansion technique to include spherical, 
ogive and truncated ogive projectiles and described the elastic-plastic behavior of 
concrete with a Von Mises yield surface having constant yield strength. 
^ ^ i : > * - ^ 
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2.2.4.2 Spherical cavity expansion (SCE) 
The Spherical Cavity Expansion (SCE) theory was developed by Bishop et al. (1945), 
for the calculation of static indentation of a rigid penetrator into an elasto-plastic 
incompressible medium. Goodier, 1965 solved the problem of SCE by representing 
the penetration of a sphere in elasto-plastic material with strain hardening. Hanagud 
and Ross (1971), solved the dynamic expansion of a spherical cavity which represents 
deep penetrations into a compressible elasto-plastic material with strain hardening. 
The researchers treat semi-infinite homogeneous and isotropic medium in which, far 
from the nose boundary a spherical cavity expands. The target medium is subdivided 
into three zones namely plastic, elastic and stress free. The equations of motion and 
the conservation of mass are written for each zone in Eulerian coordinates. Rohani 
(1972), compared some test results with the SCE theory and carried out some 
parametric studies. He observed that penetration depth is not sensitive to changes in 
the elastic parameters i.e. Young's modulus and the elastic volumetric strain, but is 
sensitive to changes in the plastic parameters i.e. strain hardening modulus, yield 
strength and plastic volumetric strain. 
The SCE and projectile penetration are quite different phenomena and therefore 
forcing arbitrary assumptions to be made regarding the pressure distribution along the 
nose. Bernard and Hanagud (1975), extended the application of SCE theory to a 
layered media for various missile nose shapes. They compared the model prediction 
with computer code calculations of penetration into rock Tuff and found very good 
agreement. It is further observed that the analysis of deep penetration parameter 
deviates much from test data. The applicability range of this model could be extended 
by introducing an empirical correlation factor to govern the velocity distribution 
along the nose. Yew and Stirbis (1978), modified the SCE to simulate the penetrator 
shape. The shape is simulated by a set of overlapping spherical cavities, the envelope 
of which resembles the nose shape. However, for the better representation of shape, 
the model adopts the solution of a single cavity expanding far from the penetrator and 
applies it to extremely' different conditions. But in any case the interaction between 
cavities should not be disregarded. 
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In order to develop a penetration model with a physical basis, research at Sandia 
National Laboratories was begun by Forrestal (1986), to develop cavity expansion 
models for penetration into dry porous rock and by Luk and Forrestal (1987), in 
reinforced concrete using the cavity expansion expressions developed earlier by 
Bishop (1945), and Hill (1948). From these experimental studies, it appeared that the 
spherical cavity expansion model showed better agreement with experimental data 
than the cylindrical cavity expansion. This method uses the cavity expansion theory to 
predict the axial force on a rigid projectile as a function of velocity. With this force, 
the penetration depth can be determined. However, triaxial material property data is 
required to calculate parameters used in the cavity expansion method. 
Li and Tong (2003), also used a cavity expansion based method but applied it to the 
perforation of thin concrete targets. They developed a two phase model to predict the 
thickness of slabs that can be penetrated by a rigid projectile. The first phase describes 
material crushing and removal as per Forrestal and Tzous's (1997) method and the 
second phase predicts scabbing of the back panel and plug formation based on shear 
failure. They gave an analytical formula based on volumetric behavior and plug 
formation and were able to achieve more consistent agreement with experimental 
data. Gold et al. (1996), have studied experimentally and analytically the penetration 
of concrete targets by spherical nosed copper and tantalum cylindrical projectiles 
moving at speeds between 1.5 km/s and 1.9 km/s. The diameters of projectiles varied 
from 13 mm to 20 mm and the length/diameter ratio from 3.9 to 14.6. The targets were 
91 cm long right circular cylinders with 91 cm diameter, constructed from concrete 
with maximum aggregate size of 19 mm and density of 2240 kg/m^. For the 13 mm 
diameter projectiles, crater entrances were approximately 250 mm in diameter which 
narrowed down to 50 mm at a depth of 105 mm. The deeper portion of the crater was a 
well rounded and slightly tapered tunnel. The depth of penetration computed with the 
hydro code CALE employing a pressure dependent yield-strength constitutive relation 
matched well with the experimental value. They also investigated effects of 
concrete's constitutive properties on the penetration process by analyzing the effect of 
the pressure dependent yield-strength in Von Mises yield criterion and also of the 
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collapsing of pores. The hole profile computed with the concrete modeled as non-
porous agreed better with that observed experimentally and the pressure dependent 
yield strength gave good values of both the hole profile and the depth of penetration 
suggesting that the constitutive properties play a significant role in predicting local 
effects of penetration. Agardh and Laine (1999) conducted a three dimensional (S-D) 
simulation of a high speed solid steel cylinder impacting and perforating a RC slab 
whose thickness equaled approximately twice the penetrator length. The steel 
reinforcement was modeled as a single layer of reinforcing bars and the remainder of 
the target consisted of concrete which was described with a nonlinear shock equation 
of state, and whose failure due to crushing and spoliation was modeled by the element 
erosion technique. The nearly 25% decrease in the penetration speed predicted by 
these simulations during the perforation of the target agreed well with that observed 
experimentally. Li et al. (2004), developed a three stage model that considers initial 
cratering, tunneling and shear plugging of the target and is based on the dynamic 
cavity expansion theory and plug formation. Their predictions of the ballistic 
performance of RC targets for normal and oblique impacts by rigid projectiles 
compare well with experimental findings. 
In 1992, Forrestal and Luk conducted a study to predict penetration of soil with a 
spherical cavity expansion model. The experimental portion of the study used large 
instrumented projectiles fired from a gas gun into soil for comparison with model 
predictions for projectile deceleration and penetration. The results again agreed well, 
however the model required triaxial material testing of the soil as inputs. To eliminate 
the need for the triaxial material data to describe the behavior of the target material, 
Forrestal et al. (1994, 1996) and Frew et al. (1998), developed a semi-empirical 
equation for the penetration of ogival nose projectiles into concrete. From the results 
of a series of concrete penetration experiments and the projectile force expressions 
from their soil penetration work, they developed an equation that is dependent on one 
dimensionless constant, later shown to be a function of compressive strength of the 
target. The equation was also used to accurately predict the penetration of large-scale 
projectiles from historical data. In this study, the semi-empirical penetration models 
developed at SNL were extended to predict the penetration depth of multiple 
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projectile impacts. A multiple projectile impact penetration study was also conducted 
to provide an experimental basis for this work. Further, in 1995 by Forrestal et al. has 
generalized these models for penetration into metallic and concrete targets 
respectively. The engineering model used for penetration analysis is the cavity 
expansion model developed by various other researchers [Thigpen, (1974); Bernard, 
(1975)]. 
Durban and Masri (2004), investigated the self similar elastoplastic field induced by 
dynamic expansion of a pressurized spherical cavity for pressure sensitive solids. 
Material behavior was described by the hypoelastic model of the Drucker-Prager 
material with a non associated flow rule, with arbitrary strain hardening. They 
examined the external elastic field, which is expected to develop at a distance fi"om 
the cavity prior to plastic yielding. A new observation that emerged out from the 
elastic solution is the possible existence of a compressive elastic zone where yielding 
is prevented since the effective stress remains negative. Simple analytical solutions 
were provided for the fully incompressible elastic/perfectly plastic material with a non 
associated flow rule. They studied the influence of plastic pressure sensitivity on the 
dynamic cavitation pressure. 
Richard and Thomas (2000), developed a finite spherical cavity expansion technique 
to simulate the loading on projectiles penetrating geologic media. Damaged Mohr-
Coulomb plasticity models and a general pressure dependent damaged plasticity 
model were used with incompressible kinematics to approximate a wide range of 
targets. The finite cavity expansion approximation together with directional sampling 
reasonably captures near surface and layering effects without resort to empirical 
correction factors. The model was implemented in conventional implicit or explicit 
finite element analysis together with the option of sub cycling for large complex 
simulations using explicit method. The approach of analysis was validated with 
measured test data from projectiles penetrating rock and soil targets. 
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2.2.4.3 Model of orthogonal layers (MOL) 
This model has been developed by Yankelevisky (1980), in an attempt to advance the 
cavity expansion approach towards a better physical representation of the soil 
penetrator interaction and obtain more useful data, which are better improvement over 
the previous model. In the Yankelevisky (1988), model soil medium is considered as 
a set of independent layers. The element line is assumed to be orthogonal to the nose 
surface. The model has been used to derive the expressions and obtain the results, 
which are found close to the experimental results. The orthogonal layers 
representation of a soil medium for an ogival and a conical nose projectile shown in 
Fig. 2.2 
2.2.5 Numerical Approach 
Experimental studies on the dynamics of soil penetration by low velocity projectiles 
stimulated the development of theoretical modeling of the dynamic phenomena of 
impact and penetration in solids and in soils. These theories were mostly based on 
dynamic plasticity and dynamic wave propagation and did not adequately characterize 
the extremely complex process of vertical penetration in granular soils. Other 
experimental studies have concentrated on assessment of the influence of projectile 
shape on depth of penetration [Forrestal et al. (1986, 1991)] or fitting of results to 
existing theoretical models [Taylor et al. (1991); Lotsberg, (1991); Hearst and Lynch, 
(1994)]. Such an approach avoids analysis of the physical properties/processes of 
penetration phenomena. After the invention of fast computing machines numerical 
techniques for the solution of penetration problem are gaining momentum. Forrestal et 
al. (1981), proposed a model to predict the forces on conical nose penetrators for 
normal impact into dry rock targets. They described the target by a linear hydrostat, 
linear shear-failure pressure relation, and the material density. Using cylindrical 
cavity expansion theory, they derived the governing equations of motion in radial 
direction. Equations of motion were then reduced, via a similarity transformation, to a 
non-linear ordinary differential equation and solved numerically by shooting method. 
From the solution of differential equations they obtained the stress wave profiles in 
34 
the target and the force on the nose of penetrator. Finally, they compared the 
theoretical results with the deceleration history of penetrator in a field test and 
observed reasonable correlation. 
Norwood and Sears (1982), also derived the governing differential equations using 
CCE model as derived by Forrestal et al. (1981) but for the target medium, which is 
described by arbitrary hydrostat and shear-failure pressure relations. They solved 
these differential equations using shooting method and obtained all those results 
which were obtained by Forrestal et al. (1981). Abbas et al. (1996), studied the impact 
of projectiles on reinforced concrete Nuclear Contairunent structures using Finite 
Element Method. They obtained the stress profiles in the containment and predicted 
local damages. Siddiqui and Abbas, (2002), improved an existing model for 
prediction of deceleration time history, penetration depth and forces on ogive and 
conical nose shaped missile imder normal impact in to geomaterial targets. 
Boguslavskii et al. (1996), developed a comprehensive model of projectile 
penetration at subsonic velocities in granular media and gave equation for 
deceleration in non dissipative media for different combination of parameters. 
Warren and Poorman (2001), have recently examined, experimentally and 
numerically, the effect of obliquity on the penetration of aluminum targets by steel 
projectiles with emphasis on the bending deformations of the projectile and its 
trajectory. The action of the target on the penetrator was approximated by applying a 
resisting force to the projectile; this force was estimated from the dynamic expansion 
of a spherical cavity. A good agreement between test and simulation results was 
obtained. Abramowicz and Jones (1997), performed static and dynamic axial crushing 
tests on 128 thin walled mild steel columns which buckled mostly in the plastic range. 
The columns were dynamically loaded by masses traveling with initial impact speeds 
of up to 12.14 m/s and striking them axially at one end. It was observed that even 
relatively short columns, which enter the plastic range in a straight configuration, 
buckle plastically in the global inelastic buckling mode, while a transition to 
progressive plastic buckling was observed later in the collapse process. Karagiozova 
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and Alves (2004), characterized the influence of impact speed, yield stress, strain-
hardening and strain-rate sensitivity of the material on the dynamic buckling response 
of circular cylindrical shells subjected to axial impact loads. The impact load was 
applied by a moving mass striking the end faces of a shell. 
Rosenberg and Dekel (2007), described a series of 2D nimierical simulations which 
followed the cavity expansion process in an elasto-plastic solid. The results from 
these simulations, in terms of cavity wall motion as a fimction of the applied pressures 
inside the cavity, highlighted several issues concerning cavity expansion process and 
the terminal ballistics of both rigid and eroding long rods. They explored the inherent 
differences between spherical and cylindrical cavity expansion processes, which can 
be helpful for analytical models of the penetration of rigid rods with different nose 
shapes. 
2.2.6 Finite Element Technique 
Finite Element Technique {FET) is one of the most important and versatile technique 
used to solve the different complex problems, which cannot be solved by 
conventional methods. In this technique, the whole body is discretized into a number 
of smaller regions or finite elements and initially the whole body is considered in 
equilibrium under external loadings and the elements are considered to form stiffness 
load relationship, which can be found by applying laws and principles governing the 
behavior of the body. Furthermore, the mathematical fiinctions are written for the 
nodal points of the elements describing the shape of a distribution of the unknown 
quantity over the domain of the elements. The shape of the elements may be 
triangular, quadrilateral, trapezoidal or any other polygon consisting of nodal points 
given by the joining of two consecutive members in a point. 
Johnson and Stryk (1986), have solved the problem of normal impact of missile 
penetration. The centre line nodes of the target are designated as slave nodes and the 
outer surface of the projectile is designated as the master surface. For axi-symmetric 
problem, it is possible to predetermine the path of the projectile and thus allowing for 
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the proper predetermination of the sHding interfaces. Furthermore, when the element 
in target is eroded, it cannot develop any stresses or pressures and it essentially 
disappears, except that the mass is retained at the nodes. A distinct advantage of the 
eroding target approach is that it is not necessary to predetermine the path of the 
projectile or to predetermine the precise sliding interfaces. 
Also, Johnson et al. (1986), have developed an axi-symmetric NABOR computation 
where the nodes in the centre portion of the target are designated as NABOR nodes. 
They are also designated as slave nodes where each node is effected by its nearest 
neighboring nodes. As the nodes move closer than their equilibrium distance, they 
generate compressive, repulsive forces. Conversely, when they move apart/ they can 
generate tensile attractive forces. The important feature of this approach is that since 
it is a Lagrangian algorithm (the mass moves with the grid), it is possible to connect 
the NABOR nodes to the traditional finite element grid. It is also possible to designate 
the NABOR nodes as slave nodes, such that they can slide along the master surface on 
the projectile. Here the path is automatically determined from the mechanics in the 
numerical algorithm and there is no need to predetermine the penetration path or the 
precise sliding interface. 
The results of the eroding computations appear to be similar to the results of the 
NABOR computations. The eroding target approach may not be as accurate as the 
NABOR approach for blunt nose shapes. Conversely, the NABOR approach 
incorporates many simplifying assumptions and its accuracy has not been verified for 
a wide range of problems. Nevertheless, the initial results with both approaches are 
very encouraging. Johnson et al. (1986) has concluded that the depth of penetration 
obtained from NOBOR results are being 24 percent greater than the depth obtained 
from the tunneling (baseline) computations. 
Johnson and Stryk (1987), have concluded that the results obtained by 3-D 
computations of the NABOR nodes for maximum penetration depth are about 9 
percent greater than the tunneling (baseline) depth. The same concept of Johnson and 
Stryk (1986), may be extended to a 3-D problem having oblique and yawed impact 
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problems. Here also all of the nodes in the centre portion of the target are designated, 
as slave nodes and the target elements are allowed to erode at an equivalent plastic 
strain of 1.5. There is no predetermination of penetration depth or sliding interfaces 
and also the projectile does not travel in a straight line. 
Mechanics of missile penetration requires proper modeling of target material, which is 
still considered the weakest link in the chain of analyses. However, many models 
have been recently developed by Yu and Mictchell in 1998 and Danziger et al. in 
1999 for modeling of geological targets, but none of the models is capable enough to 
simulate the response of missile penetration properly. It is proposed, therefore to 
improve the material models and to introduce the aspect of probability in them. 
Huang et al. (2004), performed a displacement finite element analysis for cone 
penetration test in cohesionless soils. The penetration process was simulated by 
considering rigid projectile and modeling finite strain in the soil and large scale 
sliding at the penetrometer-soil interface. The soil was assimied an elastic perfectly 
plastic continuum obeying the Mohr-Coulomb criterion. Parametric studies were 
performed to illustrate the influence of various factors on the cone resistance at the 
steady state. The deformation mode of the soil around the cone, as well as the plastic 
zone, was similar to that caused by cavity expansion and the calculated cone 
resistances were comparable with empirical correlations based on cavity expansion 
theory. 
Brun et al. (2008), employed a combined analytical and computational approach to 
reproduce normal impact of ogive nosed steel projectiles striking limestone targets 
with small angles of pitch and yaw. Results obtained from the two dimensional finite 
element analysis are checked against experimental data of Frew et al. (1998) and 
results from an analogous combined approach using three dimensional hexahedral 
continuum elements. 
Jones and Rule (2000), presented a variational analysis of normal penetration into 
semi-infinite target by a rigid projectile to obtain optimal nose geometry while 
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considering the friction effect. Although, a constant friction coefficient and simple 
friction law are used in the analysis, it has noticeable effects on the optimal nose 
geometry, which agrees with the observations of Forrestal et al. (1988, 1992), where 
difference as large as 25% was noticed when the friction coefficient changes from 
0.02 to 0.1. The geometrical characteristics of a non deformable projectile, including 
its mass, shank diameter and nose shape were reported to play an important role in 
penetration mechanics. 
2.3 STRUCTURAL RELIABILITY TECHNIQUES 
The development of the theory of structural reliability has a history of some 50 to 60 
years. Freudental (1947), presented the fundamental problem of structural safety 
considering load as random variable. Johnson (1953), gave first comprehensive theory 
of structural reliability and economic design. Until 1960 these pioneering works were 
largely ignored because the main body of the structural engineering profession was 
occupied with other developments such as plastic analysis of structural systems; 
analysis of shell and new challenges of stress analyses etc. That is why no attention 
could be paid to safety aspects of the problem. Also, the question of safety margin 
appeared intractable because some of the concepts necessary for rational discourse 
were not available. 
During the period 1967 to 1974, there was a rapid growth of academic interest in 
structural reliability theory among the engineers and scientists who were concemed of 
probability based structural design. Turkstra (1970), discussed structural design as a 
problem of decision making under uncertainty and risk. Cornell (1967), proposed 
First Order Second Moment (FOSM) method using Gaussian distribution for random 
variables. At that time FOSM method was criticized by some investigators because 
they believed that a simple Gaussian model of the random variable would be 
inaccurate for highly reliable system such as the structures. However, Lind (1973), 
showed that Cornell's method is quite appropriate to derive a set of safety factors for 
loads and resistance variables. 
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In the ensuing years, some serious difficulties with FOSM were discovered in the 
reliability analysis of some practical examples. First, it was not obvious how to define 
the reliability index in cases of multiple variables, e.g. when more than two loads are 
involved in some phenomenon. Second, problem of invariance i.e. Cornell's 
reliability index was not constant when certain simple problems were reformulated in 
a mechanically equivalent way. Ditlevsen (1973), and Lind (1973), discovered these 
problems independently. Several years spent in the search for way out of this dilemma 
without resolution. 
The logical impasse of the invariance problem was overcome by work of Hasofer and 
Lind (1974). In 1976, the Joint Committee on Structural Safety, classified the 
structural reliability methods and the safety checking into three groups. They were 
termed as Level 1, Level 2 and Level 3 methods. Level I method is a limit state 
design method in which appropriate levels of structural safety are provided by the 
specification of number of partial safety factors, related to the characteristic values of 
the basic variables. In Level 2 method a number of idealizations are made. In this 
method, the failure surface is mapped into a standard normal space and then it is 
approximated by a tangent hyper plane at a point on the failure surface closest to the 
origin. The advanced methods are the Level 3 methods. They are characterized as 
being probabilistic method of analysis which used the knowledge of the (joint) 
distribufion of all basic variables. First Order Second moment Method (FOSM); and 
First Order Reliability Method {FORM) are the popular Level 2 reliability methods. 
Ayyub and Haider (1984), reviewed commonly used structural reliability techniques, 
and suggested efficient simulation algorithm which was as good as many other 
available methods. Amongst the available reliability techniques they reviewed 
include: (i) First order Second Moment; (ii) Advanced Second Moment; (iii) 
Simulation Methods. Further, they discussed two other techniques to reduce the 
simulation cycles. These were Conditional Expectation Method and Conditional 
Expectation plus Antithetic Variables i.e. Variance Reduction Technique (VRT). The 
advantage and limitation of each method were discussed with reference to an example 
of a 12 ft (3.6 m) high and 6.0 ft (1.83 m) diameter circular pressure vessel subjected 
to wind loading. 
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Kurenghian et al. (1987), presented a Second Order Reliability Method (SORM). In 
the proposed method they fitted a paraboloid to the limit state surface at a point 
having minimal distance from the origin. An expression for the second order error in 
the approximation was derived, and error was shown to be small, even for large 
dimension and dispersed curvatures. 
Wu and Wirsching (1987), introduced an efficient and accurate method for computing 
probabilities of failure of structural and mechanical components. The method 
proposed was applicable to limit state equation of continuous functional form, and the 
basic variable of any distribution. The algorithm given was an extension of the 
Rickwitz-Fiessler and Chen-Lind method. 
In addition, almost all the investigators have czirried out their analyses on 
deterministic basis [Norwood and Seers (1982); Yankeleveskii (1988)]. However, 
most of the parameters such as material characteristics, angle of impact, velocity of 
missile and occurrence of various events are highly probabilistic. The aspect of 
reliability in such analysis is also an area to be pursued [Hwang et al. (1985); 
Liemerdoff and Sutterlin, (1988); Schueller and Ang (1992); Liang and Zhou (1999)]. 
The study of reliability becomes essential if buried structure is the containment of a 
NPP. If any missile gets penetrated through the covering earth over a buried 
containment structure and causes any damage, it may lead to the leakage of nuclear 
radiation consequences of which are going to be hazardous and far reaching for the 
generations to come. It is due to this reason that a very small annual probability of 
failure of order 10 to 10" is kept in the design of such contairunent structures [Abbas 
(1989) and Abbas et al. (1995)]. The economic considerations due to low probability 
of such loads but coupled with hazardous consequences compels the designers to 
reduce safety margins thus requiring precision in its analysis and to incorporate the 
aspects of reliability in the process of design [Siddiqui and Ahmad (1998, 2000, 
2001)]. 
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2.4 SCALING EFFECTS 
In terminal ballistics research, it is customary to perform experiments on small scale 
and deduce from their results the performance of the prototype system at full scale. 
This is done primarily because the small scale experiments are generally cheaper and 
better controlled than those at full scale. 
"Replica" or "geometrically similar" scaling of a given situation involves scaling all 
the linear dimensions of the problem by the same linear scale factor X, while 
maintaining the same materials in their respective positions. In such a case, similitude 
procedures result in the impact velocities encountered in the problem are equal for the 
prototype and for the scale model. Therefore, volimies, and hence masses, scaled as 
X , and since velocities are maintained, kinetic energies scaled as A . The scaling 
factors for other physical parameters can be easily deduced using the basic physical 
relations Baker et al. (1973). In ballistics problems, the major parameter considered 
for scaling is the prototype projectile diameter 2Ro. Relative to this diameter, any 
other projectile diameter 2R, defines the scaling factor: A = R/RQ. 
In most of the configurations, it is assumed that "replica scaling" [Baker et al. (1973)] 
holds so that small scale experiments are valid for data collection. However, in 
penetration into soil or concrete, the replica scaling does not hold. This is expressed in 
the penetration formulae, when written in dimensionless form, by the presence of a 
term involving 2R", where 2R is the projectile diameter and n is determined 
experimentally. 
The value of« is around 0.2. Several such formulae are available in literature [Nash et 
al. (1986)]. The terms involved in these formulae were arrived at by using curve 
fitting procedures, so that these do not present any physical insight as to the cause of 
their existence. Anderson et al. (1993), evaluated the influence of strain rate on the 
performance of long rod penetrators, but Magness and Leonard (1993), find this effect 
insufficient to explain the non-scaling observed in their tests. Similarly, Wen and 
Jones (1993), concluded in their study of a heavy striker impact onto a metal plate. 
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that the influence of the strain rate on their results cannot be discerned from the 
scatter in their test results (which is rather small). Therefore, it seems that strain rate 
effects carmot account for the non-scaling observed in the tests, even though they 
follow the rules of "replica scaling". 
Similitude theory Nevill (1963), implies that "replica scaling" holds perfectly when 
only volume effects take part in the problem (together with a few additional 
conditions, such as negligible gravity effect, materials strengths that are not strain-rate 
dependent, etc.). Me-Bar (1997), suggested that a possible physical basis to non-
scaling in replica scaled models is the partition of the energy spent by the projectile 
during penetration into a part that goes to volume effects and another part that goes 
into surface effects. Atkins (1988), presents a similar approach to explain non-scaling 
encountered in several sets of scaled problems in mechanical impact and fracture. His 
approach follows an extensive, rigorous analysis of the governing equations and 
detailed comparison between theory and test results. Both approaches are based on the 
fact that once there is a mixture of volume and surface effects in the problem, perfect 
replica scaling becomes impossible. Examples of volume effects which take place 
during a ballistic impact event include: 
i) Kinetic energies of the projectile, the targets and their fragments 
ii) Vibrations 
iii) Elastic stresses and strains of the projectile and of the target 
iv) Plastic deformations of the projectile and of the target 
v) Displacements, velocities and accelerations 
Examples of surface effects include: 
i) Friction 
ii) Cracking and fracture of the target and of the projectile 
iii) De-bonding and delaminations 
iv) Spalling and scabbing 
v) Heat transfer 
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Since some of these effects (and others) are encountered in every ballistic impact, it is 
obvious that such impacts cannot be perfectly scaled. Therefore, in practice, it is 
usually assumed that replica scaling holds satisfactorily within certain limits of the 
scaling factor, [Me-Bar (1997)]. 
Dancygier (2000), discusses the effects of an impact on reinforced concrete barriers 
caused by similarly shaped but not necessarily proportional, non-deforming 
projectiles. Laboratory simulations of reinforced concrete barriers' response to non-
deforming projectiles' impact that are conducted with heavier and slower projectiles 
(compared to the simulated ones) are considered. Based on the known formulae, most 
of which representing experimental results, the expressions for the velocities ratios 
between the simulator and the simulated projectiles that are required in order to yield 
equal penetration depth and equal perforation limit depth, are developed. Application 
of these expressions to a study case shows that in order to obtain equal results by both 
projectiles the heavier projectile's energy should be higher than that of the smaller 
one, however the energies ratio should be smaller than that which is required by 
perfect similitude considerations. The influences of the projectiles' masses and 
diameters ratios are also examined. 
2.4.1 Drop Test 
A drop test is one of the simplest experimental arrangements and has been used 
extensively for the dynamic testing of the structures [Jones (1989)]. If a full-scale 
prototype is struck by a mass M traveling with a velocity V then the initial kinetic 
energy of the striking mass M isMV^jl. A geometrical similar small-scale model 
would be struck by a projectile of mass m traveling with a velocity v giving an initial 
Q 5 A A 
kinetic energymv^ll, where m=^Mand v =V because v = — = = — = V, A and 
t XT T 
T are full-scale displacement and time. Thus, the striking mass and the initial kinetic 
energy would be ^ as large in a small-scale model, while the impact velocity and 
drop height would be independent of the scale factor X. 
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It is evident from the above discussion that the acceleration in a small-scale model 
is S/t^, which is \/A times larger than in a full-scale prototype (A/r^j. However, the 
dynamic force mS It^ is ^ smaller than the corresponding dynamic force in a full-
scale prototype This agrees with the observation made by Cauchy's 
formula in which to satisfy local equilibrium, the stress normal to the boundary of a 
structure must be equal in magnitude and opposite in sign to any pressure acting on 
that surface. 
A small-scale model and a fiill-scale prototype are, therefore, subjected to the same 
magnitudes of pressure in order to satisfy the requirements of geometrically similar 
scaling. Thus, water could not be used for loading a small-scale model if the full-scale 
prototype were to be loaded hydrostatically with water. The force on the boundary of 
a model is A smaller than the corresponding force acting on the boundary of a 
prototype. 
The gravitational force in a full-scale prototype of mass M is Mg where g is the local 
acceleration of gravity. If small-scale model is tested at the same location, than the 
gravitational force is mg or A^Mg, which varies with A rather than A^. 
Thus, it is not possible to scale gravitational forces according to the elementary 
principles of geometrically similar scaling unless the acceleration of gravity is scaled 
as \/A. Fortunately, gravitational forces are not significant when compared with the 
dynamic forces, which are generated in many impact problems. Strain rate effect in 
many impact situations may be conveniently assumed negligible. 
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Fig. 2.2 Orthogonal layers representation of a soil medium for ogival and 
conical nose missiles 
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Nomenclature 
SCEM Spherical cavity expansion 
CCEM Cylindrical cavity expansion model 
MOL Model of orthogonal layer 
SNL Sandia National Laboratories 
N Nose shape coefficient 
W Weight of the proj ectile 
A Cross-sectional area of the projectile 
Vo Impact velocity / Striking velocity 
5" Soil penetration index 
L Nose length of projectile 
y/ Caliber radius head, {CRH) 
/^.' Unconfmed compressive strength of the target 
S Dimensionless empirical constant 
p^ Projectile density 
Vz Projectile velocity at penetration depth, Z 
a Average acceleration of projectile, units of gravity 
A Cross sectional area, ni^ 
R Penetrator radius, m 
dn Depth at which n'^ layer begins, m 
Z Penetration distance, m 
g Acceleration due to gravity, 9.81 m/s^ 
K Geometric scale factor 
Kg Correction for edge effects in concrete target 
K/, A correction factor for lightweight penetrators, hard targets 
Ks A correction factor for lightweight penetrators, soil targets 
( ) Subscript refers to the n"' layer of a layered target 
A'^  Nose performance coefficient 
P Percent rebar in concrete, volumetric percentage 
S Penetrability of target, 5'-number, dimensionless 
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Tc Cure time of concrete, years {tc<l) 
fc Unconfined compressive strength of target, Mpa 
Vex Exit velocity, m/s 
m Massofpenetrator, ^g 
in/A Weight (mass) to Area ratio, kg/m 
CRH Caliber Radius Head, tangent ogive nose shape 
6 Impact angle, relative to target surface, degrees 
{S^ )„ Weighted average of the penetrability of all the layers above the n"^ 
layer 
Sr Estimated iS-number of the layer 
Zn, Penetration distance into the «"" layer of soil 
Ztotat Total penetration distance in layered target 
Tn Thickness of target 
d„ Depth at which «"* layer begins 
Q Quality parameter of rock as affected by joints, cracks, fissures, 
bedding planes, etc. (Rock quality, 0.1 < 1.0) 
On Average acceleration of projectile in the ri^ layer of soil 





The penetration depth of projectiles depends upon the basic properties of target 
materials with which it has been compacted under various conditions of moisture and 
compaction, therefore, it is necessary to establish a relation between penetration depth 
of projectile to target material at different densities, modulus of elasticities, shear 
strengths and volumetric strains. The penetration depth of various nose shape 
projectiles also depends on the drag force on nose, coefficient of friction between 
materials of projectile and target, diameter, mass, striking velocity and angle of strike 
of projectile. 
An experimental study was performed to penetrate the projectiles of conical, ogival 
and spherical nose shapes. All the projectiles were dropped from a constant height of 
10.0 m with a striking velocity of 14.0 m/s into different target materials as sand, clay 
and stratified soils. Target materials were filled in rectangular wooden tank and 
ground trench under different conditions of moisture and compaction. 
Experimental tests of projectiles penetration into rectangular tank and ground trench 
filled with various target materials under different conditions of moisture and degree 
of compaction were planned for determining the penetrafion depth. Besides the testing 
of projectiles of conical, ogival and hemi-spherical nose shapes, four spherical balls of 
different mass also dropped from same height and velocity to determini; the 
penetration depth. Three numbers of trials were opted for each projectile for ensuring 
repeatability of tests results. Actual position of penetration depths of all projectiles 
has been shown in rectangular tank and ground trench in sand, clay and stratified soil. 
49 
Post-test photographs of cavities expanded radially and circumferentially are shown in 
detail. 
The present chapter contains details of experimental setup, procedure of testing and 
the experimental results 
3.2 PROJECTILES 
The projectiles of three different nose shapes viz. conical, ogival and hemi-spherical 
were manufactured by Computerized Numerically Controlled lathe machine (CNC) in 
National Small Scale Industrial Corporation (NSIC) at Aligarh (U.P.), India. All 
projectiles were made of mild steel. The weight, diameter and length of shank, /, of 
these projectiles were kept same equal to 1 kg, 40 mm and 210 mm respectively. The 
weight of projectiles was made same by keeping some hollow portion inside the 
projectile whereas the nose length of conical and ogival nosed projectiles were 
dependent on their nose angle or Caliber Radius Head (CRH). The caliber radius head 
of ogival nose, y/ is given by 
i//=— (3.1) 
2R ^ 
where, R is the radius of aft body and R' is the radius of curvature of ogival nose 
given by: 
2 
where, L is nose length of projectile (Fig. 2.1). 
(3.2) 
The conical and ogival nosed projectiles were built for three different nose angles, 0 ~ 
15°, 30° and 45°. The nose angle of ogival projectile is the included angle of conical 
nose that can be accommodated inside the ogival. Besides the seven projectiles of the 
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three different nose shapes, four spherical balls of mild steel were also used. The 
diameter of all the balls was kept fixed at 50 mm but these were having different 
weights viz. 398, 410, 421 and 422 g. The geometrical details of the projectiles are 
given in Table 3.1 and Figs. 3.1 and 3.2 and their photographs are shown in Figs. 3.3 
and 3.4. Thus, the total number of projectiles used in the study was eleven. 
3.3 TARGETS 
The following three different categories of targets were considered in the study: 
i) Sandy Soil Targets: Loose and Dry, Loose and saturated and compacted Sand 
aiOMC 
ii) Clayey Soil Targets: Clay compacted at OMC 
iii) Stratified Soil Targets: Layers of sand and clay compacted at OMC 
All the above categories of targets were deposited in a wooden tank and also in a 
natural ground trench. 
The clay was obtained from Nagla Patwari, Baraula road, Aligarh and the locally 
available Ganges sand was used. The properties of materials, deposited soil and 
method of their deposition are discussed in subsequent sections. 
3.3.1 Experimental Tank and Filled up Trench 
The experimental tank was rectangular in plan with the inside dimensions of 1.50 x 
0.75 X 0.75 m (high). The three vertical sides and base of the tank were made of Vi 
inch plywood and aluminum sheet of 3 mm thickness was affixed to the wood on the 
inside face of the tank. For observing, a transparent glass was fixed in the fourth 
vertical face of the tank. A rectangular trench of the same size was also made in the 
natural ground for making depositions of different soil targets. The same trench was 
used for all the categories of targets and before making deposition, the trench was 
thoroughly cleaned. The empty tank and the empty trench are shown in Fig. 3.5. 
51 
3.3.2 Sandy Soil Targets 
The physical properties of the sand were determined in geotechnical engineering 
laboratory by conducting experimental tests according to IS specification. A 
quantitative determination of the particle size distribution in a sand was made by sieve 
analysis with a set of 75 sieves (600//, 425//, 300//, 212//, 150// and 75//). The percent 
finer corresponding to the size of 75 sieves are shown in Table 3.2. The particle size 
distribution curve of sand is shown in Fig. 3.6. The Standard Proctor Compaction Test 
[(AASHO TestyiS: 2720-F77] (Fig. 3.7), determined the Optimum Moisture Content 
(OMC) and maximum dry density, ydmox (Table 3.3). The shear strength parameters of 
sand were determined by drained triaxial test, the data of sand samples is shown in 
Table 3.4. The confining pressures used in test were 50, 100 and 150 kN/nP' and the 
deviator stress was applied till the failure of soil specimen (Tables 3.5-3.7). The 
variation of deviator stress \vith axial strain for different confining pressures is shown 
in Fig. 3.8. The modulus of elasticity of sand target was determined from triaxial test 
results; its variation with confining pressure is shown in Fig. 3.9. 
Method of Deposition; 
The oven-dried sand was sieved through 75: 600 // sieve and filled in the tank as well 
as in trench in loose state by free fall from a fixed height of 150 mm. After filling the 
tank and the ground trench up to the top level, the surface of the sand is leveled 
uniformly as shown in Figs. 3.10 and 3.11. For loose sand deposit, the sand was not 
compacted. Whereas, for the saturated sand deposit, the tank and the trench were 
pounded with water so as to fill the voids for complete saturation. 
The compacted sand target was deposited at OMC in tank and trench in three equal 
layers, each layer tamped by giving 100 number of blows with a 4.6 kg hammer 
having loaded area of 150 x 150 mm and free fall of 300 mm. The required number of 
blows (100) corresponding maximum dry density was obtained by trial method 
(Fig. 3.12). 
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The moisture content and unit weight of the deposited sand target were determined by 
taking cored samples (35 mm dia, 70 mm height) from tank and trench. The physical 
properties of sand determined in Geotechnical Engineering Laboratory which are 
reported in Table 3.8. The shear strength parameters (c and (f) and unit weight of 
loose and dry sand, loose and saturated sand and compacted sand at OMC before and 
after penetration of projectiles were determined by triaxial compression testing 
machine which are reported in Table 3.9. 
3.3.3 Clayey Soil Targets 
The particle size distribution curve for clay is shown in Fig. 3.13, which was obtained 
by sieve analysis for the coarser fraction, whereas, for the finer fraction of clay 
passing through 75 \i IS sieve, Hydrometer analysis was carried out (Tables 3.10 and 
3.11). The plasticity characteristics of clayey soil was determined by using 
Casagrande liquid limit apparatus {IS: 2720-V) and the data for liquid and plastic limit 
were generated and are shown in Tables 3.12 and 3.13. The flow curve of clayey soil 
depicting the relation between percentage water content and the number of blows is 
shown in Fig. 3.14. The Standard Proctor Compaction Test was used to determine the 
optimum moisture content (OMC) and maximum dry density and the data obtained by 
test are shown in Table 3.14. The compaction curve developed for the determination 
of OMC is shown in Fig. 3.7. 
The clayey soil was dried for 24 hrs. in the oven at 110 ± 5° C and then the soil after 
cooling was crushed and passed through 425 // IS sieve. The triaxial specimens were 
prepared in a metal mould of 84 mm high and 39 mm in diameter and compacted in 
three equal layers. Each layer was statically compacted under the impact of 25 blows 
by a mini compactor of 100 g weight, imparting approximately 0.148 kgm^/s^ of 
energy. Each sample was tested by applying confining pressures of 50, 100 and 150 
kN/m and the deviator stress was applied till the failure of soil specimen (Tables 
3.15-3.17). The variation of deviator stress with axial strain for confining pressures of 
50, 100 and 150 kN/m^ is shown in Fig. 3.15. The variation of modulus of elasticity 
with confining pressure of clay, sand and stratified soil is shown in Fig. 3.16. 
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Method of Deposition: 
Oven dried clayey soil was sieved through IS: 425 n sieve and mixed with water at 
OMC and then deposited in rectangular tank / ground trench in three equal layers. 
Each layer was tamped by 125 blows of 4.6 kg hammer of 150 x 150 mm loaded area 
with a free fall of 300 mm. The number of blows required for achieving the maximum 
dry density was determined by trial method (Fig. 3.12). 
The moisture content and unit weight of the deposited clay target in tank and ground 
trench were determined by taking cored samples (35 mm dia., 70 mm height). The 
physical properties of clayey target before and after the experiment were determined 
in Geotechnical Engineering Laboratory which are reported in Table 3.18. The shear 
strength parameters (c and ^ and unit weight compacted clay target at OMC before 
and after penetration of projectiles were determined by triaxial compression testing 
machine which are reported in Table 3.19. 
3.3.4 Stratified Soil Targets 
The stratified soil target was developed by depositing three layers - one layer of clay 
sandwiched between two sand layers. The thickness of clay layer was 300 mm and the 
thickness of bottom and top layers of sand were 350 and 100 mm respectively. Each 
of the layers was deposited in three equal layers by compaction with the 
corresponding number of blows at OMC for the respective materials. The shear 
strength parameters (c and ^ and unit weight of the deposited soil were determined 
by taking cored samples (35 mm dia, 70 mm height) which are reported in Table 3.20. 
3.3.5 Modulus of Elasticity of Target Material 
The cored samples were taken from target materials and tested under triaxial testing 
•machine with the application of confining pressures of 50, 100 and 150 kN/m^. The 
curves between deviator stress and axial strain were drawn and the values of modulus 
of elasticity for each target material are determined as shown in Table 3.21a 
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3.4 COEFFICIENT OF FRICTION BETWEErtoiejECTILE SIHRF^E 
AND TARGET MATERIALS ^ " = ^ 5 ^ ^ Tvers^^^^ 
A rectangular plate of the same material of projectile of size 85 mm x 50 mm x 8 mm 
and weight of 290 g was kept on target material and tied with threads and weights 
were hanged through a pulley system as shown in Fig. 3.17a. The arrangement is 
shown schematically in Fig. 3.17b. The weight at which the plate just starts sliding 
over target materia] was noted. The coefficient of friction was determined by dividing 
the weight of plate to the weight at which the plate starts sliding. The values of 
coefficient of friction (/z^ ) between projectile surface and target materials under 
various conditions of moisture and compaction are shown in Table 3.21b. 
3.5 PROJECTILE PENETRATION IN TANK AND GROUND TRENCH 
The soil targets in rectangular tank and ground trench were prepared according to the 
procedure given above for different types of targets. One of the soil target in tank and 
trench under preparation is shown in Fig. 3.18a, b. The top surface was leveled 
properly as shown in Fig. 3.18c. The point at which a projectile had to be dropped 
was aligned with the help of plumb bob and then it was allowed to have a free fall 
from a height of 10.0 m (Fig. 3.19). Thus, the striking velocity of all of the projectiles 
was 14.0 m/s. The distance between the striking, points of the projectiles were 
selected in such a manner that the effect of tank wall and overlapping of stress zones 
due to the penetration of projectiles could be avoided. The number of projectiles 
penetrated into a target (tank or trench) were not more than four. Those tests in which 
the strike of the projectile was not normal were discarded and were repeated in the 
next round for tank / trench. 
The depth of penetration of projectiles was measured accurately with a precision of 1 
mm with the help of scale. Each test was repeated thrice with altered sequence of 
strike and the average value of the depth of penetration was recorded. The recorded 
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values of the depth of penetration of different projectiles into different soil targets in 
tank and ground trench are given in Tables 3.22 to 3.26. 
The core samples were taken with the help of cylindrical core cutter for determining 
the properties of soil targets before and after the test. The location of these cores was 
away from the point of strike. The cylindrical holes left because of taking out of the 
cores from the tank / trench prior to the penetration test were filled properly in the 
same manner as done for the preparation of targets. The soil samples from cores were 
tested in the laboratory for determining the basic properties of soil viz. bulk density, 
dry density, moisture content and shear strength parameters (unit cohesion, c and 
angle of internal friction, ^ . The shear strength parameters were determined by 
triaxial test. The cored samples of soil target before testing under triaxial compression 
machine are shown in Fig. 3.20. The soil sample was covered with rubber membrane 
and confining pressure is applied in triaxial cell and then tested under triaxial 
apparatus as shown in Figs. 3.21-3.23. After failure of soil specimen, the inclined 
cracks were observed along failure plain at an angle of (45 + ^/2) where ^ the angle 
of shearing resistance Figs. 3.24 and 3.25. 
3.6 BOUNDARY EFFECT 
The effect of boundary on penetration in soil targets deposited in wooden tanks has 
been studied by comparing these test results with the tests conducted in ground trench. 
Figures 3.26 to 3.45 show a comparison of the penetration depth of different 
projectiles obtained for different targets deposited in wooden tank with the 
corresponding values for the soil target deposited in ground trench. The above 
comparison is also shown numerically in Tables 3.22 to 3.26. It was observed from 
these tables that the penetration depth of projectiles in ground trench is 1.1 to 11.8% 
more than the corresponding values of penetration depth observed in rectangular tank. 
The magnitude of difference being small, the boundary effect in tank is almost 
negligible. This is because the minimum distance of the point of projectile strike was 
kept at least twenty seven times the diameter of the projectile. 
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The percent increase in depth of penetration in ground trench with respect to 
rectangular tanlc has an increasing trend with increase in the nose angles of conical, 
ogival and spherical nose projectiles Tables 3.22-3.26. This is because of the 
generation of stronger stress waves in case of the shorter nose length thus affecting 
the surrounding soil up to larger radial distances. 
The present study of comparison is useful as it suggests that it is possible to carry out 
the tests of similar nature in tank without much effect of tank walls. In the subsequent 
studies and numerical analysis, average value of penetration depth has been used as 
given in Table 3.27 for different nose shaped projectiles. 
The weight of the four spherical balls being almost same, average value of penetration 
depth of all the balls in tank and ground trench which were filled with sand, clay and 
stratified soil under different condition of moisture and compaction are given in 
Tables 3.28 and 3.29. It was observed from Table 3.30 that the penetration depth of 
spherical balls in ground trench is 3.4 to 5.8% more than the corresponding values of 
penetration depth observed in rectangular tank. The magnitude of difference being 
small, the boundary effect in tank is almost negligible. This is because the minimum 
distance of the point of projectile strike was kept at least twenty seven times the 
diameter of spherical balls 
3.7 DISCUSSION OF EXPERIMENTAL RESULTS 
The variation of experimental depth of penetration with nose angle for different nose 
shapes has been compared in Figs. 3.46 to 3.50 for different soil targets. The variation 
of the total penetration depth of conical, ogival and hemi-spherical nose projectiles in 
different target materials has been shown in Figs. 3.51 and 3.52. The depth of 
penetration of shaft of the projectiles calculated by subtracting the nose length from 
the total depth of penetration is given in Table 3.31 and plotted in Figs. 3.53 to 3.54. 
The negative values for the depth of penetration of shaft indicate that whole of the 
nose length did not penetrate the target. Fig. 3.55 shows the variation of penetration 
depth of nose of projectiles (conical, ogival and hemi-spherical) into clay layer which 
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is underlain by sand layer of 100 mm. The penetration depth for conical nose 
projectiles (Ci, C2 and C3) was obtained more than the corresponding ogival nose 
projectiles {0\, Oi and O3) but hemi-spherical nose projectile (5) penetrated more 
than the ogival nose projectile (O3). In these figures, the hemi-spherical nose has been 
considered with ogival nose because ogival nose with CRH = 2 is hemispherical. 
The variation of penetration depth of spherical balls into target materials has been 
shown in Fig. 3.56. The maximum penetration depth was obtained in loose and dry 
sand target (144 mm) and minimum in compacted clay target (31 mm). The clay target 
due high cohesion offers more drags resistance to spherical balls than other target 
materials. The size of the cavity expansion of clay target was almost same the size of 
spherical ball but for other targets the cavity expanded 2-3 times the diameter of 
spherical balls. 
The observations made from the figures are as follows: 
i) As expected, the depth of penetration reduces with the increase in nose angles 
or reduction in the nose length of conical and ogival nose projectiles in all 
types of soil targets, 
ii) The penetration depth of conical, ogival and spherical nose projectiles was 
more in saturated sand than compacted sand. The reason for this trend is that 
the angle of shearing resistance of saturated sand reduces due to saturation, 
thus reducing the angle of friction, 
iii) The targets in order of increasing depth of penetration are: (a) Compacted 
clay, (b) Stratified Soil, (c) Compacted sand, (d) Saturated sand, and (e) Loose 
dry sand. This is because the resistance offered to penetration reduces in this 
order, 
iv) In compacted clay, whole length of the nose of Ci and 0\ projectiles could not 
penetrate the target, 
v) There is bulging of top surface of all the targets except compacted clay. 
Maximum bulging is observed in loose-sand and minimum in compacted sand. 
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Maximum bulging is 37.5% of shaft diameter and occurs at a radial distance of 
2.5 times the diameter of shaft from the centre of strike, 
vi) The flying of target material was observed in the targets specially where the 
top layer of target is sandy i.e. loose-sand where it was found to be maximum 
(3.5-5 times diameter of shaft) while in compacted sand it was minimum (0.5-
1 times diameter of shaft) and almost negligible in compacted clay, 
vii) The radial and circimiferential cracks were observed at the top surface of the 
compacted clay. These cracks extend up to 3 times the diameter of shaft from 
the centre, 
viii) The penetration of conical nose projectile is less than the ogival nose 
projectiles in loose sand and loose saturated soil targets, whereas the trend is 
just opposite for the remaining targets viz. compacted sand, compacted clay 
and stratified soil targets. 
3.7.1 Effect of Nose Shape and Type of Target on Penetration Depth 
A comparison of penetration depth for ogival nose with conical nose projectiles show 
that the penetration of ogival nose projectile is more than the conical nose projectiles 
in loose-dry sand and loose-saturated sand targets, whereas the trend is just opposite 
for the remaining targets viz. Compacted sand. Compacted clay and Stratified soil 
targets (Tables 3.32-3.34). The reasons for this trend are: 
i) The ogival nose has to form larger cavity than the conical nose thus requiring 
more effort in the formation of cavity. 
ii) The surface area of ogival nose is more than the conical nose thus there will be 
more frictional force exerted on ogival nose. 
iii) At the junction of nose with the shaft, the slope of conical nose does not match 
with the shaft, whereas there is smooth transition from nose to shaft in case of 
the ogival nose, ft is due to this reason that the target material at the junction 
of conical nose with the shaft is pushed away from the shaft thus reducing the 
frictional force between the shaft and the target material. 
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iv) In comparison, the conical nose will push the target material vertically thus 
compressing it and this compression increases with increase in the nose angle 
and with increase in friction due to which the soil below gets compacted thus 
offering more resistance to penetration. The effect would get enhanced for 
large velocity of strike. The magnitude of friction being low for the loose dry 
sand and loose saturated sand targets, the compaction of soil underneath would 
be very small. 
3.7.2 Cavity Expansion and Cracks in Target Material 
The observations made during the conduct of experiments and about the formation of 
cavity and cracks in the target are given in the following: 
i) In loose and dry sand, cavity expanded circumferentially 3-5 times of 
projectile diameter. The tensile cracks were not been observed. The size of the 
expanded cavity was inversely proportional to the nose angle of projectile 
(Figs. 3.57 and 3.58). 
ii) In saturated sand, the cracks were observed radially as well as 
circumferentially up to a radial distance of 2-3 times of the shaft diameter of 
projectiles. Near the cavity, some of the flying of target material was observed 
(Figs. 3.59 and 3.60). 
iii) The size of cavity formed in compacted sand was slightly more than the shaft 
diameter of projectile, cracks were observed upto 2-3 times the shaft diameter 
in radial direction and some of the lumps of the saturated sand flew away from 
the cavity (Fig. 3.61). 
iv) The size of cavity in compacted clay was nearly equal to the shaft diameter 
and the cracks appeared upto a radial distance of 2 times of shaft diameter of 
projectile. The radial cracks were more than the circumferential cracks (Fig. 
3.62). 
v) The size of cavity formed in stratified soil is slightly more than the shaft 
diameter of projectile and radial cracks were observed upto a radial distance of 
2-3 times of shaft diameter (Fig. 3.63). 
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vi) The size of cavity expansion for saturated sand target was found to be 1-1.5 
times the diameter of spherical balls. The circumferential and radial cracks 
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Table 3.2 Sieve analysis data for sand 
Total mass of dry sample = 1000 g 



























































Weight of compacted 





























Table 3.4 Triaxial compression test data of sand samples at OMC 
Proving ring constant 
Least count of dial gauge 
Initial diameter of the sample, d 
Initial length of the sample, Zo 
Initial area of the sample, Ao 
Confining pressure, a^ (kN/m ) 
Deviator stress at failure, CTJ (kN/m^) 

































































































































































































































































































































































































































































































































































Table 3.8 Physical properties of sand used for sandy soil targets 
Optimum moisture content, OMC 
Maximum dry density, ydmax 
Proctor density of sand compacted at OMC, y 
Void ratio of sand compacted at OMC, e = e min 
Porosity, n 








Maximum shear strength, at OMC from triaxial test, r„ 
Specific gravity by Pycnometer, G 
Coarse fraction (> 2 mm) 
Medium fraction ( 75/i to 425//) 
Fine fraction (< 75//) 
Uniformity coefficient, Q =L\jDf^ 
Coefficient of curvature, C^  = {D^J ID^ D,(, 
Effective size, Dw 
Soil classification (sand type) as per as per IS: 1498-1970 











Table 3.9 Properties of sandy soil targets 
Sandy Soil Targets: Loose and Dry Sand 
Before Penetration: 
Average unit weight of sand 
Unit cohesion, c 
Angle of internal friction, ^ 
After Penetration: 
Unit weight after penetration of projectile 
Unit cohesion, c 
Angle of internal friction, ^ 
Sandy Soil Targets: Loose and Saturated Sane 
Before Penetration: 
Unit weight of sand 
Unit apparent cohesion, c 
Angle of internal friction, ^ 
After Penetration: 
Unit weight of sand 
Unit cohesion, c 














Sandy Soil Targets: Compacted Sand 
Before Penetration: 
Unit weight of sandy layer 
Unit cohesion, c 
Angle of internal friction, ^ 
After Penetration: 
Unit weight of sandy layer after penetration of projectile, y 
Unit cohesion, c 







Table 3.10 Sieve analysis data for clay 
Total mass of dry sample - 500 g 



































































































Table 3.12 Liquid limit data for clay 
Test No. 
No. of blows, TV 
Wt. of empty container (g) 
Wt. of container + wet soil (g) 
Wt. of container + dry soil (g) 
Wt. of water present (g) 
Wt. of dry soil (g) 
Water content, o) {%) 


































Table 3.13 Plastic limit data for clay 
Test No. 
Wt. of empty container (g) 
Wt of container + wet soil (g) 
Wt. of container + dry soil (g) 
Wt. of water present (g) 
Wt. of dry soil (g) 
Water content, co (%) 












































































































































































































































































































































































































Table 3.18 Physical properties of clay 
Colour in dry state 
Optimum moisture content, OMC 
Maximum dry density, /^^^ 
Bulk unit weight 
Specific gravity, G 
Void ratio of compacted clay, e 
Degree of saturation, S 
Porosity of compacted clay, n 
Liquid limit from Cassagrande apparatus, WL 
Plastic limit, Wp 
Plasticity index, //> 
Fine sand fraction, 5" 
Silt fraction, M 
Clay fraction, C 
Angle of shearing resistance, ^ 
Unit cohesion, c 
Shear strength by triaxial test, Xg 
Maximum shear strength by triaxial test, ^  





















Table 3.19 Properties of clayey soil targets 
Before Penetration: 
Unit weight of clay 
Unit cohesion, c 
Angle of internal friction, ^ 
After Penetration: 
Unit weight of clay 
Unit cohesion, c 







Table 3.20 Properties of stratified soil targets 
Before Penetration: 
Unit weight of stratified soil 
Unit cohesion, c 
Angle of internal friction, (/> 
After Penetration: 
Unit weight of stratified soil 
Unit cohesion, c 














































Table 3.22 Penetration depth of missile model in loose dry sand 
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Table 3.23 Penetration depth of missile model in saturated sand 































































* Equivalent conical nose angle 
Table 3.24 Penetration depth of missile model in compacted sand at OMC 






























































Equivalent conical nose angle 
Table 3.25 Penetration depth of missile model in compacted clay at OMC 






























































* Equivalent conical nose angle 
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Table 3.26 Penetration depth of missile model in stratified soil compacted at OMC 






























































* Equivalent conical nose angle 
Table 3.27 Average penetration depth of projectiles 
Target material 
1. Loose-dry sand 
2. Saturated sand 
3. compacted sand 
4. compacted clay 
5. Stratified soil 
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Table 3.31 Average penetration depth of shaft of projectiles 
Target material 
1. Loose-dry sand 
2. Saturated sand 
3. compacted sand 
4. compacted clay 
5. Stratified soil 











































Table 3.32 Comparison of ogival and conical nose projectile (Nose angle = 15 ) 
Target material 
1. Loose-dry sand 
2. Saturated sand 
3. compacted 
sand 
4. compacted clay 
5. Stratified soil 















Increase in penetration depth 







Table 3.33 Comparison of ogival and conical nose projectile (Nose angle = 30°) 
Target material 
1. Loose-dry sand 
2. Saturated sand 
3. compacted sand 
4. compacted clay 
5. Stratified soil 















Increase in penetration depth 








Table 3.34 Comparison of ogival and conical nose projectile (Nose angle = 45°) 
Target material 
1. Loose-dry sand 
2. Saturated sand 
3. compacted 
sand 
4. compacted clay 
5. Stratified soil 















Increase in penetration depth 
of ogival nose projectile 
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Fig. 3.1 Geometry of conical nose (Ci=15 , C2 =30 , C3 = 45 ) shaped projectiles 
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shaped projectiles 
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Fig. 3.3 Photographs of Projectiles 0\^ Ci, O2, Q, O3, C3, S as seen from left to right 
Fig. 3.4 Photographs of spherical balls Si, S2, S3 and S4 as seen from left to right 
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(a) Empty Tank (b) Empty Trench 
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Fig. 3.8 Variation of deviator stress with axial strain for different confining 
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Fig. 3.9 Variation of modulus of elasticity with confining pressure for sand 
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Fig. 3.10 Sandy soil target - Loose dry sand filled in tank just before conducting 
experiment 
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Fig. 3.16 Variation of modulus of elasticity with confining pressure for targets 
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Fig. 3.17b Schematic sketch for coefficient of friction between projectile and target 
material. 
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Fig.3.18a Photograph showing the preparation of trench in ground. 
Fig. 3.18b Photograph showing preparation of ground trench and sieving of target 
material (sand) through 600 n IS sieve. 
90 
Fig. 3.18c Photograph showing the preparation of sand target in rectangular tank. 
Fig. 3.19 Photograph showing the arrangement of free fall of projectile from 10 m 
high building of civil engineering department. 
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Fig. 3.20 Photographs showing the triaxial soil sample before testing 
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Fig. 3.21 Photograph showing the arrangement of soil sample in triaxial cell 
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3.22 Photograph showing the soil sample is ready in cell for testing under triaxial 
compression testing machine 
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Fig. 3.23 Photograph showing the testing of soil sample under triaxial compression 
testing machine. 
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Fig. 3.24 Photograph showing triaxial soil samples after failure. 
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(All dimensions are in mm) 
Fig. 3.28 Penetration of conical nose projectiles into saturated sand in tank 
(All dimensions are in mm) 
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(All dimensions are in mm) 
Fig. 3.30 Penetration of conical nose projectiles into compacted sand in tank 
(All dimensions are in mm) 





(All dimensions are in mm) 
Fig. 3.32 Penetration of conical nose projectiles into compacted clay in tank 
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(All dimensions are in mm) 
Fig. 3.36 Penetration of conical nose projectiles into dry sand in ground trench 
(All dimensions are in mm) 
Fig. 3.37 Penetration of ogival and spherical nose projectiles into dry sand 
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(All dimensions are in mm) 
Fig. 3.39 Penetration of ogival and spherical nose projectiles into saturated sand in 
ground trench 
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(All dimensions are in mm) 
Fig. 3.42 Penetration of conical nose projectiles into compacted clay in ground trench 
'^^^ • ' V 
750 
1500 
(All dimensions are in mm) 




\^ 1500 -^ 
(All dimensions are in mm) 
Fig. 3.44 Penetration of conical nose projectiles into stratified soil in ground trench 
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Fig. 3.52 Presentation of total penetration depth of ogival and hemi-spherical nose 
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Fig. 3.53 Presentation of total penetration depth of shaft of conical nose projectiles in 
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Fig. 3.54 Presentation of total penetration depth of shaft of ogival and hemi-spherical 
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Fig. 3.57 Post test photograph of cavity expansion in loose and dry sand in tank 
Fig. 3.58 Post test photograph of cavity expansion in loose and dry sand in ground trench 
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Fig. 3.59 Post test photograph of projectile penetration into saturated sand in tank 
Fig. 3.60 Post test photograph of cavity expansion of saturated sand in tank 
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Fig. 3.61 Post test photograph of projectiles penetrated into compacted sand in trench 
K 
Fig. 3.62 Post test photograph of ogival nose projectile penetrated into compacted clay 
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Fig. 3.63 Post test photograph of ogival nose projectile penetrated into stratified soil 
o 
r^ 





A mathematical model is a theoretical and scientific representation of a model where 
the structural behavior is represented mathematically. The model is a replica of the 
prototype, chosen on a suitable scale, to formulate solution technique for a complex 
prototype. Modeling is helpful in achieving a reasonable answer for complex 
processes. In engineering-mathematical model, equations are specially derived for the 
solution of specific problems. The engineering model approach encourages 
simplifying assumptions that are made based on the understanding of the behavior 
and on engineering feeling of the problem. In modeling the soil penetrator interaction, 
the major simplifications are made in reducing the formulation into one or two-
dimensional problem and idealizing the material behavior by simple constitutive 
relationships. 
The cylindrical cavity expansion {CCE^ and spherical cavity expansion {SCE) models 
developed for the purpose of analysis of penetration problem are given in the Chapter. 
The model selected for conical nose projectile is the cylindrical cavity expansion 
{CCE?} model which is used to estimate the force on penetrator for normal impact into 
geological target. A non-linear hydrostat, a non-linear shear failure pressure relation 
and the material density describe the target medium. The mathematical solution for 
the model is obtained by Similarity methods and generalized solution curves for a 
wide range of practical parameters are obtained by developing a program in 
F0/?r/L4A^ language. 
A rigid projectile impacts a uniform target at normal incidence with striking velocity 
and proceeds to penetrate at rigid-body velocity. For a rigid projectile, motion and 
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final depth can be calculated when the forces on the projectile nose are known. Thus, 
we first model target resistance and then calculate motion and final depth. The 
problem is axi-symmetric and sliding fi-ictional resistance between the projectile and 
target is neglected. The projectile penetration into geomaterials has number of 
variable parameters and it is challenging to obtain the precise dynamic response of a 
projectile hitting on to a target. From mechanics point of view, it incorporates much 
complexity in which large plastic deformations, high stresses, pronounced stress 
gradients, high rates of loading etc. are involved. Rigid projectile models with ogival, 
conical and hemi-spherical nose geometry are shown in Fig. 4.1. 
4.2 ASSUMPTIONS 
The projectile penetration into geomaterials has number of variable parameters and it 
is challenging to obtain the precise dynamic response of a projectile hitting on to a 
target. From mechanics point of view, large plastic deformations, high stresses, 
pronounced stress gradients, high rates of loading etc. are involved in much 
complexity. For the calculation of these quantities, models, which use a cylindrical or 
spherical expansion approximation to the target response and allow for J-D wave 
propagation, are developed. The simplifying assumptions made in the development of 
these models are: 
i) Impact of projectile is normal and axi-symmetric and penetrator follows a 
basically stable trajectory, 
ii) Wave propagation is one-dimensional and in the radial direction, 
iii) The penetrator is rigid, i.e. deformation of projectile is negligible and only soil 
deformation is considered. The penetrator remains intact during penetration, 
iv) Elastic strains are neglected. 
v) The projectile does not carry any warhead and no explosion is considered, 
vi) The loss of energy in the form of heat and sound is neglected. 
The verification of the model is done with the tests conducted for low velocity of 
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strike and tests carried out in Sandia National Laboratory [Norwood, (1974)] for high 
velocity of strike. The experiments conducted in the laboratory are presented in 
Chapter 3. 
4.3 MATERIAL MODEL 
Assuming the target medium to be described by a quadratic hydrostat, quadratic shear 
failure - hydrostatic pressure relation. 
^ = 3(0-,+2o-J = A:,;;'+^2'7 (4.1) 
^r-<^e= ^f = o^ ^M\P^ ^^^^P (4-2) 
where, p is the hydrostatic pressure; k\, ki and /^i, fi2 are the material model 
parameters; rj is the volumetric strain; <T^  and ag are the radial and circumferential 
components of Cauchy Stress taken positive in compression. The stress in z-direction, 
(7z, has been taken to be equal to the circumferential stress, <7g, in the above relation. 
The material models represented by the above mathematical model are shown in Figs. 
4.2 and 4.3. The volumetric strain, rj, is equal to the mass density variation ratio, 
given by 
7 = 1 1 - — ] (4.3) 
I P J 
The above two equations (4.1) and (4.2) give the radial and circumferential stresses: 
2 2 2 -0-, =y r„+ - / i , / 7 +^p (4.4) 
(^e=-^T^o--M\P^ +MP (4.5) 
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_ ( 2 \ 
where, / / = I+- / /2 (4.6) 
V 3 , 
Many different types of soils and other materials can be modeled with the above 
idealizations [Forrestal and Luk, (1992)]. 
4.4 CYLINDRICAL CAVITY EXPANSION {CCE) MODEL 
Considering a rigid projectile of mass, m, with a conical / ogival nose striking a semi-
infinite imiform target medium. The angle of strike of the projectile is normal to the 
target and the velocity at the time of strike is Vg. The initial density of the target 
medium, po, increases to p, because of the compaction of the material and will be a 
function of radial distance and time. 
The problem is axi-symmetric and is further simplified by applying the cylindrical 
cavity expansion approximation (Fig. 4.4). This approximation considers the target to 
consist of thin layers normal to the direction of penetration and simplifies the analysis 
to one-dimensional wave propagation in the radial coordinates. This model assumes 
that all motion in individual target layers is only radial, and independent of any other 
layer. The model, though simple, but is good enough for understanding the 
phenomenon. 
4.4.1 Governing Equations 
Considering the dynamic equilibrium of an element of target medium, a-b in 
undeformed state and AB in deformed state (Fig. 4.5), in the radial direction: 
d u . . 5cr d 
—T - ~v + " ) — - i^r - Cfl) — Po'-^ ^ -{r + u)-^ - (a, - a,)  {r + u) (4.7) 
Where, u is the radial displacement of an element at a radial distance r at time /. 




Po^^^-ir + u)— d_ dr 
2 2 — 
• \T^o +MiP^+ Ml P)^{f + " ) (4-8) 
or 
Putting the value of hydrostatic pressure, p, from Eq. (4.1) in the above equation and 
neglecting higher powers of volumetric strain, TJ, converts it to: 
AMAKV^ + 2l-iu^k^ + nk^ Vn + nK 
drj 
+ K+(/"I^2'+M)'7'+M2'7}[I + -^J=0 
(4.9) 
The above equation is in terms of two dependent variables, u and T], both of which are 
the function of independent variables r and /. 
The consideration of the conservation of mass for the element shown in Fig. 4.5 gives: 
Pof = p{r + u)n + 
dr J 
(4.10) 
Eliminating the instantaneous mass density, p, from the above equation with the help 
of Eq. (4.3), gives 
, du uf, du] ^ 
1 + — + - 1 + — =0 
dr r\ dr J 
(4.11) 
4.4.2 Solution Procedure 
The boundary conditions and the initial conditions required for the solution of the two 
partial differential Eqs (4.9) and (4.11) are given below. The penetrator traveling at a 
velocity, V^, at an instant of time (V^ = Vo at the time of strike) begins to open a 
cylindrical cavity in a given layer at time / = 0. 
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Initial Conditions: 
Vz = Vo at the time of strike i.e. t = 0. (4.12) 
Boundary Conditions: 
The displacement at the cavity wall at Lagrangian coordinate, r = 0, is given by 
u{r = 0,t) = Vt (4.13) 
where, V = radial velocity of cavity interface at a height, z above the tip of 
nose 
= F,tan^ (4.14) 
where, 6 is the angle that the tangent to the nose at the height, z above the tip of the 
nose makes with the vertical (Fig. 4.6). 
The other boundary condition requires that the radial displacement at the wave front is 
zero i.e. 
M(r = cr,0 = 0 (4.15) 
The partial differential Eqs. (4.9) and (4.11), may be converted to the ordinary 
differential equations by introducing the following dimensionless variables, 
u = '^^^ (4A6) 
ct 
^ = r/ct (4.17) 
where, u and (^ are the dimensionless radial displacement and radial distance 
respectively; c is the wave front velocity of the medium, which is obtained from the 
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momentum and mass conservation equations across the wave front, such that 
'riP. (4.18) c' = 2 2 — 
Eliminating p from the above Eq. (4.18) with the help of Eq. (4.1) and neglecting 
higher power of 7, 
c= = 
3 " -//,^2 +Ml 17 +^2^7 'npo 
(4.19) 
The dimensionless radial coordinate ^ ranges from ^ = 0 corresponding to the position 
of the expanding cavity (i.e. face of the nose) to if = 1 which is the location of the 
wave front (i.e. r = ct). As 7 is dimensionless and therefore, no transformation is 
required for this variable. With these transformations, the partial differential equations 
(4.9) and (4.11) convert to 
""^^k^") 
dC 
2 , , 3 M M 
4//,^,*^+2-^-/^,^2'+/^*i r7+>"*2 54 
+k+("t^2' + /^ 2*i l^' + /"2^ 27] h + ^ r ^ 
(4.20) 
and 
du u . du 
=0 (4.21) 
In view of the above transformation given by Eqs. (4.16) and (4.17), the boundary 
conditions at the cavity wall and the wave front given by Eqs. (4.13) and (4.16) may 
be written as: 
u(^ = Q) = V/c and «(^ = ]) = 0 (4.22 a,b) 
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Using another transformation, 
u(0 = Ui^)-^ (4.23) 
du dU , 
or, = 1 
d^ d4 
(4.24) 
to condense the two ordinary differential Eqs. (4.20) and (4.21). The above 
transformation converts Eq. (4.21) to 
77 = 1 U dU (4.25) 
and Eq. (4.20) transforms to 
p^cr'-^^[^^u) 
d^ 
+ [U*2^ + MiK JTj^+H2k-in[—=o 
dU 
(4.26) 
Putting the value of T] from Eq. (4.25) in the above equation gives. 
' d^^ ' 
'^dU] d^U dUd^U 
, J # J d^' ' d^ d^ ' 















^3={|/^l^2(l2^,+^2)+M.} u (4.30) 
^ , =-4/y,A:,^2-5- (4.31) 
^5 =4//,^,^2-^ + |//,/^J 8^,+-^2 j + (/^2+/^K [ T T (4.32) 
x, = - -^^k,{k,+k,)^k, i - ^ + |-;/^(3A:l + 5^2)+(2^, +^2)(//2 +>")+}7 (4.33) 
^7 = 1 ^y"i^2(3^, + ^2) + y"(2^i + ^2 ) [Tr + o^ + /"i^2' + (^ 1 + ^2)/^: (4.34) 
Since the above Eq. (4.27) is a nonlinear ordinary differential equation and can be 




It converts the Eq. (4.27) to the form 
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dN_ 
• — 3 
A^,k^k^U ^ ' 'H,k^{nk, +k^)+(^k^^ + M ) + M I W4 N' 
+ 
- . \U 
• + fj^kj^lk^ +k.^+fjk^ 
^,k^ (3 ,^ 4- ^ 2)+(^+//2 )(2 ,^ + ^ 2)+2//,^ 2 + /^ fe 
[3 ' ' ^^  ' ^' "J ^ A^^ 
4 
— . — 3 
-//,A:2(6^,+^2)+//^|^t/ A^  
:M2(3^+^)+/^(2^i+*2) U 
(4.36) 
M^,U,N) (say) (4.37) 
The transformation given by Eq. (4.23), converts the boundary conditions at the 
cavity wall and wave front given by Eq. (4.22) to 
C/(0) = F / c a n d U(\) = \ (4.38) 
4.4.3 Forces on Projectile Nose and Deceleration 
The penetration of projectile into the target results in the radial movement of the 
target material at the cavity interface, which produces radial stress in the target 
material. The incremental radial force on the projectile nose for a thin target thickness 
dz is given by 
dF^=2ncT^{<d)R{z)dz (4.39) 
where o> (0) is the radial stress in the target material at the cavity expansion and R(z) 
is the radius of the projectile nose at a vertical distance, z from its tip (Fig. 4.6) which 
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is given by, 
R (z) = -a + -yja^-z^ + 2Lz For Ogival nose (4.40a) 
= z tan ^ For Conical nose (4.40b) 
where, 
a = (R'-R), (4.41) 
R' = radius of the ogival nose, 
R = radius of the aft body of projectile, and 
L = nose length of projectile. 
The vertical force at the nose of the projectile due to the vertical stiffness of the target 
material of thickness dz is given by 
dF^=dF^tan0 (4.42) 
where, 
dFv = incremental vertical force 
dFr = incremental radial force 
0 - slope of nose with the vertical 
Another force acting at the nose is the drag force, which is tangential to the surface of 
the projectile nose arising due to the friction between the target material and 
projectile. Forrestal et al. (1992) have not considered the drag force in their 
penetration analysis. The magnitude of incremental drag force dFj for the elemental 
target thickness dz is equal to the product of coefficient of dynamic friction between 







dF, = fiJ dF^ sec 0 (4.45) 
Hence, the total incremental vertical upward component dFz of the target reaction will 
be 
dF^=dF^ +dFjCosQ 
= dF^ tan0 + ^j dF„ cos 6 
= c//vC"^+tan^) (4.46) 
where, the radial force dFr and vertical force dFy are in fact the radial and vertical 
components of the normal force dFn. All the forces acting at the nose of the projectile 
are shown in Fig. 4.7. The total upward vertical target reaction on the projectile nose 
has been obtained by integrating Eq. (4.46) from 0 to penetration depth, z (where, z < 
L). 
F, = ]{Mu^^^O)dF^ 
0 
z 
= |(//^ + tan 6) In a^R{z) dz (4.47) 
0 
If the depth of penetration of projectile is greater than the nose length then the upper 
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limit of integration will be up to L because we are getting reaction only on the nose. In 
the present study, it has been assumed that the size of cylindrical cavity due to the 
projectile penetration is more than the diameter of the penetrator aft body. 
For the conical nose of the projectile, putting the value of R^ = zian6 in Eq. (4.47), 
the force Fz will be given as 
z 
K == f(//d +tan^)2;r(T,(ztan^)i/z 
0 
= ;ro-,(/i^+tan^)z^tan6' (4.48) 
The angle ^ is a variable for the ogival nose shaped projectile. The substitution of/? 




R{z)^a + /^ c/ dz 
= 27r]a\- a + yja^-z'+lLz] , ^ / 
0 {^ja -Z + 2Lz 
dz (4.49) 
It is to be noted here that <Tr for ogival nose is a function of z. The force F^ for the 
ogival nose can be determined by using numerical integration for which Simpson's 
rule has been employed. 
4.5 SPHERICAL CAVITY EXPANSION (SCE) MODEL 
The spherically symmetric cavity is expanded from zero initial radius at constant 
velocity V, (Fig. 4.8a); this expansion produces plastic and elastic response regions. 
The plastic region is bounded by the radii s = Vt and s = ct, where s is the radial 
Lagrangian co-ordinate, / is time and c is the elastic-plastic interface velocity. The 
elastic region is taken as an incompressible, elastic solid. The sectional elevation of 
spherical cavity formed is shown in Fig. 4.8b. 
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4.5.1 Governing Equations 
When a rigid projectile nose penetrates a uniform target medium with normal 
incidence, a spherically symmetric cavity is formed. This spherically symmetric 
cavity expands with constant velocity V under the action of stress waves. This 
expansion produces plastic and elastic response regions boimded by the radii Vt and 
ct, where t is the time and c is elastic-plastic interface velocity (Fig. 4.8c). The elastic 
region is taken as an incompressible, elastic solid. The element of such an expanded 
layer at a radial distance s is subjected to shear stress (cr^  -cr^) and hydrostatic 
pressure p given by Eqs. (4.1) and (4.2). 
Considering the dynamic equilibrium of an element of target medium, unreformed 
state and deformed state (Fig. 4.9), in the radial direction. 
^s^uy^^2(l + ^ ]{s^u){a^-a,)^py^ = 0 (4.50) 
OS \ OS J or 
Eliminating the stresses, <7, and cTg from Eq. (4.50) with the help of Eqs. (4.2) and 
(4.4), gives 
P y - ^ ( ^ + ")1-/^i/^ + !«J-^ + 2(5 + M)(T„+//,y+//2Pn + -^J = 0 (4.51) 
Putting the value of hydrostatic pressure,/?, from Eq. (4.1) in the above equation and 
neglecting higher powers of volumetric strain rf, we get 
2 ^ ^ " / x2 




The above equation is in terms of two dependent variables, u and 7, both of which are 
the function of independent variables s and t. 
The consideration of the conservation of mass for the element shown in Fig. 4.9 gives 
\^[(s^uf] = ^ s' (4.53) 
5 OS p 
Further, eliminating the instantaneous mass density, p, from the above equation with 
the help of Eq. (4.3), gives 
du u( ^ uY. du^ 
os s\ s 1+— ds) 
=0 (4.54) 
4.5.2 Solution Procedure 
The boundary conditions and the initial conditions required for the solution of the two 
partial differential Eqs (4.52) and (4.54) are given by Eqs. (4.12), (4.13) and (4.15). 
To reduce Eqs. (452) and (4.54) into ordinary differential equations, following 
similarity transformations is used: 
# = ^ (4.55) 
ct 
U(^) = . E M (4.56) 
ct 






I^MMI^ +2i -M2 +MkAri+Mk2 
+ 2(^ + wjr,, + (0,^2' + //2^,)/;' + Mi^im 1 + ^ 






T] + + — 
/^  rv ^^ ^ 2+ii 1 + — =0 (4.58) 
Using another transformation, 
u(^)^U(^)-^ (4.59) 
or, = 1, 
d^ d^ 
(4.60) 
to condense the two ordinary differential equations (4.57) and (4.58). The above 
transformation transforms these equations to: 
2,^d'U _-2 
df p„cY~T+^ 
2. a . , 2 4/^i^.M +i-^MA +MkA2rj+^k^ 
+ 2U[T„ + (^,k^^ + ^ ^k, )T]^ + fi^k^-n]—=0 
(4.61) 
and 
n = \ U^ dU e d^ (4.62) 
Putting the value of rj from Eq. (4.62) in Eq. (4.61) gives, 
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f ^TT\ ^^TT f ^TT\ d'U 
d^ + r. 
dU ^TJ (rlTA' d'U 
\"h J d4' \ d^ 
+ } ; dU 
V " • = y d^' \ d^ 
+ r. 
Of/Y 
+ } ; {dTj-^" 




>;=A^'^ -//,A:2(3A:, + ^2)+ y"(2^i + ^2) 
t/ (4.64) 
— 7 
^2 ~ ~ 4 / / | A : | A : 2 — ^ (4.65) 
J^ , = {1^2(12^,+^2)+2M,}|r (4.66) 
} ; = - 8 M ^ 2 | r (4.67) 
Y, = ^MAk, ^  +1|//,^2(24^. + 7^2)+ 2 ^ + 2:;;>, |^ (4.68) 
K. = 
-y",^2(6^: +A:2)+4//^, | - ^ - | - / y ,A :2 (6^ , +5^J+2(2A:, +^2)("2 + / " ) | T r 
r, =|^//,^2(3^, +^2)+2/i(2^, + ^ j | ^ + 2{r„ +/i,^2' +(^, + ^ 2 k } 
(4.69) 
(4.70) 
Since the above equation (4.63) is a nonlinear ordinary differential equation and can 




It converts the Eq. (4.63) to the form 
dN_ 
di' 
— 6 — 7 1 — 4 




- / i ^ ( 6 ^ , + ^ J + 2 M , i - ^ + | - / /^(6^,+5^2)+2(a + //2)(2^,+/:2)[f/ 7V^  
—3 
l|//,^,(3A, +^J+2;/(*, + ^ , ) | ^ + p„c^#^ +2{r„ +//,^,^ +/y,(^, +^ , )^ A^  
V p„c'^'-4^i,k,k,^N' + | ^ M 2 t e + ^ 2 ) + 2 M i | ^ A^  
-//,^2(3A,+^2)+/i(2^,+/:2) U_ 
= m,U,N) (say) (4.72) 
4.5.3 Forces on Projectile Nose and Deceleration 
From the geometry (Fig. 4.9), the incremental ring forces, normal and in axial 
direction to the ogival nose are given by 
dF„ = 2nR'^ a^ (oXsin (/> - sin ^ „ }/^ (4.73) 
dF^ =dF^ cos <^ (4.74) 
Another force acting at the nose is the drag force, which is tangential to the surface of 
the projectile nose arising due to the friction between the target material and 
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projectile. The magnitude of incremental drag force dFd for the elemental target 
thickness dz is equal to the product of coefficient of dynamic friction between the 
projectile surface and the target material /uj and force normal to the projectile nose 
dF„ i.e. 
dF,=\i,dF„ (4.75) 
Hence, the total incremental vertical upward component dFz of the target reaction will 
be 
dF^ =dF^ +dFjCosQ 
= dF„ cos 9 + /^j dF„ cos 0 
= dF,{^,+tan0) (4.76) 
where, cr,(o) is the stress on the nose normal to the ogive surface from target 
resistance. Thus, 




The normal stresses (j^ (o) will be approximated by results from elastic-plastic, 
spherical, cavity expansion analysis. 
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4.6 NUMERICAL SOLUTION OF DIFFERENTIAL EQUATION 
At ^ = 1, a singularity exists in the Eq. (4.36) and therefore an iterative shooting 
method is used to evaluate the various parameters of a projectile hitting a target (Fig. 
4.10). The usual procedure is to guess a value at the starting point, perform the 
integration and compare the computed value of U at the other end point of the 
interval with the specified value. If necessary, the procedure is repeated with a new 
value of A'^  until agreement is reached in the computed and the specified value of U. 
It is observed from Eqs. (4.36) and (4.72) that there is singularity in this equation at ^ 
= 0 and ^ = 1 and boundary conditions are available at these two extreme points for 
the value of C/as given by Eq. (4.38). The numerical integration of the differential 
equations requires initial values of U and A^  both specified at end point (^ = 0) or (^ = 
1). Due to the singularity at the two end points, solution may be started from a point 
which is close to the end point (say ^ = 1). It is required to estimate not only the value 
of A^  at this point but also the value of U because its value is known as (f = 1 only and 
not at a point which is near to it. It is for this reason that an estimate for the value of 
U and A^  for ^ approaching to unity (i.e. ^  -> 1) is obtained by writing down the 
Taylor's expansion fort/ and A^as given below: 
U = 4 + F,{\-^Y ] -> 1 (4.79) 
A^  = 1/^[1 ->9;^(1 - ^ ) ' ' - ' + ] ^  1 (4.80) 
where, 
P = I^^ + M)^<^ ^i=U + -Mi (4.81) 
Fi is a constant whose value is to be estimated so as to calculate the value of U and 
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JV using Eqs. (4.79) and (4.80). For estimating, the value of constant F\, the value of 
U and its first derivative at an intermediate point ^ = V Ic obtained from Eq. (4.79) 
and from the expansion of U for ^ approaching to zero is equated. The value of U 
for ^ tending to zero can be obtained using Taylor's expansion as given below: 
U = V/c + F^^^^ (4.82) 
where, Fi is an unknown constant and can be determined from Eq. (4.80) by 
matching at an approximate point, ^ = Vjc. 
Equating U and its first derivative, we get an approximate value of F/ as 
Vic 
^ ^ 2{\-VlcY-'[\-{\-pi2)Vlc\ ^^ -^ ^^  
The strategy of numerical solution of CC£ model given by Eqs. (4.35) and (4.36) and 
SCE model given by Eqs. (4.71) and (4.72) using Runge Kutta algorithm is described 
in the following steps. 
i) Estimate an approximate value of 'Ff using Eq. (4.71). 
ii) Estimate the value of U and / / at a point very close to ^ = 1 using Eqs. (4.79) 
and (4.80) respectively, 
iii) Use Runge-Kutta fourth order method to integrate up to a point very close to ^ 
= 0. 






L,=d^fh,+U^,N,+^L„U> + '^K^ (4.87) 
K,=d4f,U+U^,N,+]^L (4.89) 
L,=d^fU, +^d^,N^ +^L„U.+^K, (4.90) 
K,=d^f,{<^,+d^,N,+L,) (4.91) 
L,=d^f,(^,+d,^,N,+L„U. + K,) (4.92) 





and, ^ , „ = ^ , + c / ^ (4.95) 
iv) Compare the value of U at this point (^ ^ O) with V/c. If the two values do 
not match then value of ' F | ' is altered and the process is repeated from step 
(ii) until the desired level of convergence is achieved. 
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4.6.1 Response Estimation 
To obtain the response time histories of velocity, penetration depth, and the 
deceleration of projectile, the dynamic equilibrium of projectile has been considered 
that results in the following well-known equation. 
m ^ = -F, (4.96) 
dt 
The integration of above equation, using any standard numerical integration scheme, 
will yield time histories of velocity, penetration depth and the deceleration of 
projectile. In the present study, the forward finite difference approach has been 
employed for its integration. Using this approach, the velocity V^, deceleration a^ and 
the penetration depth z, of projectile at (/+7) "* time step can be obtained by the 
following relations: 




4.6.2 Program Implementation 
A software program has been written in FORTRAN Language for predicting the 
deceleration time history, forces at the nose of projectile penetrator, depth of 
penetration, variation in the velocity during penetration etc. on the basis of the 
strategy presented in the section of this chapter. The program implementation of the 
procedure is described with the help of flowchart (Fig. 4.11). 
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Fig. 4.1 Projectile models with ogival, conical and spherical nose geometry 
141 
Linear model [ 1 ] 
- - Non-linear model of positive curvature [2] 
— • Non-linear model of negative curvature [3] 
Volumetric strain 
Fig. 4.2 Hydrostat vs Volumetric strain 
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Fig. 4.3 Material models represented by the mathematical model 
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Velocity at the time of strike = Vo 
i ^ R = Radius of aft body 
j \ ^ ^ Radial distance 
j ; c = Wave front velocity for the medium 
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Fig. 4.5 An element ring of cylindrical cavity expansion (CCE) model at equilibrium 
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(a) Sectional Plan 




(b) Sectional Elevation at 'B-B' 
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Fig. 4.8 Response regions for the spherically symmetric cavity expansion problem 
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Fig. 4.11 Flow chart of projectile penetration problem 
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Nomenclature 
y/ Caliber radius head, (CRH) 
T„, A Defined the yield condition 
/?„ Initial mass density of material 
p Current density; instantaneous density of material 
rj Volume strain; volumetric strain 
cr^ (0) Radial stress in the target material at the cylindrical cavity expansion 
(T .^(0) Radial stress in the target material at the spherical cavity expansion 
r Radial distance at cylindrical cavity expansion 
s Radial distance at spherical cavity expansion 
u, ^ The dimensionless variables parameter introduced for transformation 
k Bulk modulus 
^j Coefficient of dynamic friction between the projectile surface and the 
target material 
p Hydrostatic pressure 
dF^, Incremental drag force 
dF^ Incremental force in radial direction 
dF„ Incremental normal force 
dF^. Incremental vertical force 
dF, Incremental vertical upward component 
<jg Normal stresses in the circumferential direction 
cr^, ag Radial and tangential components of Cauchy stress 
r Shear failure 
^ Slope of shear stress v/s pressure curve 
a Slope of the linear fit to the curves of radial stress on conical nose 
u, ^ The dimensionless variables parameter introduced for transformation 
a Deceleration as a function of penetration time 
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A, B ' Unknown constant 
c Wave front velocity for the medium 
ct Wave front distance for the medium 
E Modulus of elasticity of target material 
Fj Radial force at nose of projectile 
Fr Radial force at nose of projectile 
Fz Total vertical target reaction of projectile nose at depth, z 
L Nose length 
R Radius of conical penetrator / Radius of the aft body of projectile 
R{z) Radius of projectile nose at a distance z from its tip 
R' Radius of ogive nose 
5 Dimensional radial stress 
u Radial displacement at radial distance, r and s in cylindrical and 
spherical expansion 
V Radial velocity of cavity interface 
Vt, ct Radii which bound the elastic and plastic response regions 
Vz Velocity of projectile rigid body at penetration depth, z 





The methodology presented in Chapter 4 for the penetration analysis of soil targets 
under projectile impact has been validated in this chapter. The test results of 
experimental study of projectile penetration in sand, clay and layers of sand and clay 
under different conditions of moisture and compaction presented in Chapter 3 have 
been used for this purpose. The tests conducted for the study being of low velocity, 
some published results involving high velocity of strike have been used for the 
purpose of validation of the models. The parameters considered for the purpose of 
validation are: depth of penetration, deceleration-time history, forces at the projectile 
nose, stresses in the target material and its variation with depth and radial distance. 
The results of analysis of published work available in literature have been compared 
with the results of present study. Some useful parametric studies have also been 
performed in the present study to obtain the results of practical interest. 
5.2 VALIDATION OF MODELS WITH PRESENT EXPERIMENTS 
The CCE and SCE models developed for the penetration analysis of soil targets have 
been validated with the help of the experiments carried out in the laboratory for low 
velocity of strike. Whereas, the experiments available in literature have been used for 
the purpose of validation of models for higher velocity of strike presented latter in this 
chapter. The cylindrical cavity expansion model has been used for conical nose 
projectiles with 15 and 30° nose angle and ogival targets with equivalent nose angle of 
15 and 30°. Whereas, spherical cavity expansion model has been used for the rest of 
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the projectiles. The experimental data available for validation of the model is depth of 
penetration and deceleration-time history (only for high velocity of strike). The results 
have also been compared with the results of analysis of Forrestal and Luk Model. 
Seven projectile types each of 1.0 kg weight and having conical, ogival and spherical 
shapes with different nose angles have been used for penetration studies in different 
target types, for numerical modeling and experimental studies. The results obtained 
from experiments of penetration depth of the projectiles falling freely from a height of 
10.0 m with striking velocity of 14 m/s into targets. The target types employed in this 
study include, loose and dry sand, saturated sand, compacted sand, clay and stratified 
soil target compacted at OMC. The values of modulus of elasticity E, initial mass 
density, unit weight of soil and the coefficient of friction between the projectile and 
different types of soil are given in Tables 3.8, 3.18 and 3.21a, b. The other parameters 
required for the material modeling of a target are ki, ki for defining pressure - strain 
relations and fi\, fii and TQ for defining the shear strength - pressure relations. The 
values of these parameters for different targets are as follows: 
SAND: 
Linear model: TQ = 256.0 kPa, ^\- H2- 0.0, ^i -Q,k2= 17.5 MPa 
Nonlinear model: To = 220.3 kPa, fix = 2.86, m = -0.0064, kx = -0.9 MPa 
k2=\SMPa 
CLAY: 
Linear model: TO = 80.6^Pa,//i =/i2 = 0.0, A:i = 0, 2^ = 38.7 MPa 
Nonlinear model: TO = 70.4 kPa, /^ i = 0.114, //2 = -0.0004, ki = -1.93 MPa 
k2 = 33.7 MPa 
SAND-CLAY LAYER: 
Linear model: TQ = 156.0 kPa, H\- ^2 = 0.0, k\-Q, k2 = 13.\ MPa. 
Nonlinear model: To = 140.5 kPa,^i\ = 3.38, H2 = -0.012, kx =-l.I5 MPa. 
k2 =18.6 MPa 
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5.2.1 Sandy Soil Targets 
The following three different categories of sandy soil targets considered in the 
experimental investigation, presented in Chapter 3, are used for the validation of the 
model presented in Chapter 4. 
a) Loose and dry sand, 
b) Loose and saturated sand, and 
c) Compacted sand at OMC 
a) Loose and Dry Sand 
It is observed from Table 5.1 that the penetration depth of projectiles predicted by 
Forrestal and Luk Model for all nose shapes are 31.1% to 40.8% less than the 
experimental values. Whereas, the penetration depth of projectiles predicted by the 
proposed model are only 1.3% to 11.6% less. Thus, it can be seen that the error in the 
prediction depth got much reduced in the proposed model as compared to the 
Forrestal and Luk Model. 
b) Loose and Saturated Sand 
The predicted penetration depth by Forrestal and Luk model is 17.8% to 24.8% less 
than the experimental value. Whereas, the penetration depth of projectiles are 0.3% to 
1.3% more for ogival and 2.9% to 3.9% less for conical nose as compared to the 
proposed model. Thus it is seen that the error in the prediction depth got reduced in 
the proposed model as compared to the Forrestal and Luk Model (Table 5.2). 
c) Compacted Sand 
The penetration depth values from experiments of ogival nose projectiles are less than 
the conical nose projectiles, similar to Forrestal and Luk model and to proposed 
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model. The penetration depth predicted by proposed model is 0.4% to 3.6% more than 
the experimental value. Whereas, the penetration depth of projectiles predicted by 
Forrestal and Luk model is 13.2% to 24.4% less. Thus it is seen that the error in the 
prediction of the depth of penetration by proposed model is almost negligible as 
compared to the Forrestal and Luk model (Table 5.3). 
5.2.2 Clayey Soil Targets 
The predicted penetration depth by Forrestal and Luk model is 14.1% to 29.9% less 
than the experimental value, whereas, the penetration depth of projectiles predicted by 
the proposed model is only 1.3% to 4.3% less than the experimental values. Thus it is 
seen that the error in the prediction depth by the proposed model is almost negligible 
and very much less as compared to the Forrestal and Luk model. The predicted results 
of proposed model are thus foimd quite closed to the experimental values (Table 5.4). 
5.2.3 Stratified Soil Targets 
The predicted penetration depth by Forrestal and Luk model is 17.6% to 22.0% less 
than the experimental value, whereas, the penetration depth of projectiles predicted by 
the proposed model is 1.6% (Oi) more and 7.6% (C3) less than the experimental 
results. Thus it is clear that the error in the prediction of the depth of penetration by 
the proposed model is quite small as compared to the experimental values (Table 5.5). 
The predicted penetration depth of hemispherical nose projectiles (S) by Forrestal and 
Luk model is 9.9% to 35% less than the experimental value, whereas, the penetration 
depth by the proposed model is 0.7% to 5.8% less and 5.3% more than the 
experimental values (Tables 5.1 to 5.5). 
5.2.4 Concluding Remarks 
Forrestal and Luk model gave the predicted penetration depth less than the 
experimental values obtained in this study because they considered the drag force 
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maximum at tip of nose which remains constant along nose length. But in present 
study model, the forces are taken minimum at tip, increasing along length of nose and 
become maximum at end of nose and then remain constant through out the length of 
shaft of projectile. The present experimental and values predicted in proposed model 
has provided a significant improvement in the Forrestal and Luk model. 
The penetration of ogival nose projectile is more than the conical nose projectiles in 
targets loose-dry and loose-saturated sand because of the fact that ogival nose can 
form bigger cavity to start with, as it has a larger surface area which easily dispels the 
loose cohesion less material and smoother transition at nose and shaft as compared to 
conical projectiles. While in compacted sand, compacted clay and stratified soil 
targets, the results show reverse trend. These changes are due to change in shearing 
resistance due to cohesion and hardening of material due to reduction in the angle of 
friction. 
Three major trends are observed when experimental and predicted results were 
compared. The predicted penetration depth by the proposed model in this study are 
less than the experimental results in loose and dry sand as well as for compacted clay 
for all nose types. For saturated sand and compacted sand ogival nose shapes show 
lesser values but conical nose shapes show higher predicted values as per the model. 
In stratified soil, the results are vice-versa wherein ogival nose types show higher and 
conical nose show lower penetration values. 
The penetration depth of conical, ogival and spherical nose projectiles was more in 
saturated sand than compacted sand. The reason for this trend is that the angle of 
shearing resistance of saturated sand reduces due to saturation, thus reducing the 
angle of friction. The targets in order of increasing depth of penetration are: (a) 
compacted clay, (b) Stratified Soil, (c) Compacted sand, (d) Saturated sand, and (e) 
Loose dry sand. This is because the resistance offered to penetration reduces in the 
same order. The depth of penetration of a projectile in stratified soil targets is more 
than the depth of penetration in compacted clay and less than the depth of penetration 
in compacted sand. The penetration of conical nose projectile is less than the ogival 
154 
nose projectiles in loose and dry sand and loose saturated sand, whereas the trend is 
just opposite for the remaining targets viz. compacted sand, compacted clay and 
stratified soil targets. 
5.3 OTHER NUMERICAL RESULTS FOR PRESENT EXPERIMENTS 
The validation of the model with the present experiments has been done above in Sec. 
5.2., wherein the depth of penetration has been used for the purpose of validation. 
Some other numerical results pertaining to the present experiments are discussed in 
subsequent sub-sections. 
5.3.1 Deceleration Time History 
The predicted deceleration time history obtained by Forrestal and Luk (1992), and the 
proposed model for ogival nose projectiles having nose angles of 15°, 30° and 45° and 
hemi-spherical nose projectile models with striking velocity range of 10 to 20 m/s are 
presented in Figs. 5.1-5.8. It is observed from the figures that the deceleration reduces 
with increase of nose angle and striking velocity of projectile both for proposed model 
and Forrestal and Luk (1992) model. These figures show that the proposed model 
analysis has following major improvements over the Forrestal and Luk analysis. 
i) The proposed model prediction estimates the deceleration time response from 
zero time, wherezis, Forrestal and Luk theory predicts the deceleration time 
response after the complete penetration of projectile nose. 
ii) Forrestal and Luk analysis neglects the effect of friction between the target 
material and the projectile nose because of which the predicted values are 
quite less than the experimental values. On the other hand, in the present 
approach of analysis the effect of friction shifts the predicted values closer to 
the actual experimental values. 
iii) Forrestal and Luk have taken an equivalent conical nose shaped projectile 
instead of considering the actual ogival nose shaped projectile and they have 
compared their results with experimental values, which are actually for ogival 
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nose shaped projectile. Whereas, the proposed model considers the actual 
shape of projectile. 
5.3.2 Vertical Force at Ogival Nose Projectile 
The penetration of ogival nose projectile, 0\, in loose and dry sand has been 
considered for studying the vertical force developed at the projectile nose. The force 
calculation employs Eq. (4.28) of Chap. 4. The variation of the force on the projectile 
nose with the penetration time obtained by Forestall and Luk and proposed model is 
shown in Figs. 5.9 and 5.10. The results are shown for the striking velocity range of 
10 to 20 m/s. The Forrestal and Luk model shows that as the projectile strikes the 
target, the forces are maximum at tip and remain constant along the full penetration of 
nose length and then starts reducing. But in proposed model, it was observed that the 
forces along the nose length were found increasing non linearly with the penetration 
time and start reducing just after the ftiU penetration of nose length. It was also 
observed that the penetration time for proposed model was 15% more than the 
Forrestal and Luk model for striking velocity of 14 m/s. 
5.3.3 Impact Velocity and Penetration Depth with Time 
The penetration of ogival nose projectile, 0\, in loose and dry sand has been 
considered for the purpose of study of the variation of impact velocity and penetration 
depth with time. The results of analysis are shown in Fig. 5.11. It is observed from the 
figure that the variation of velocity with time up to penetration of nose length is linear 
for Forestall and Luk model but it is non-linear for the proposed model. The 
penetration depth by proposed model is 30% more than the Forrestal and Luk model. 
The reason for this pattern is that the analysis of Forrestal and Luk (1992) started their 
analysis after full penetration of nose length of the projectile but in the proposed 
model, the effect of projectile nose and shaft both are considered. 
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5.3.4 Effect of Nose Angle and Length to Diameter Ratio 
Fig. 5.12 shows that the penetration depth of conical nose projectile reduces with the 
increase of nose angle from 15° to 45° in sand, clay and stratified soil targets which 
were compacted under different conditions of moisture and compaction. The 
penetration depth of conical nose projectile increases with the increase of total length 
to diameter ratio. Figure 5.13 shows the variation of penetration depth with L/D ratio, 
where L = (L+l) is the total length of projectile, L- nose length, / = shank length and 
D is diameter of penetrator aft body of conical projectiles considered in the 
experimental investigation. It is observed from the figure that higher the L /D ratio i.e. 
more slender nose, the penetration depth is more. In other words the projectile with 
higher L/D ratio will have higher penetrating potential. 
5.4 VALIDATION OF MODEL WITH FIELD TESTS OF FORRESTAL 
AND LUK 
For the purpose of validation of the present model with the test results of large 
velocity of strike, six test results of Forrestal and Luk (1992) have been taken. The 
tests were conducted at the Sandia Test Range, Nevada, USA. For these tests, a 
mobile, 152 mm diameter, smooth bore gas were used. Using this gun, six projectiles 
were fired having properties: 
Caliber radius head (CRH) 
Mass, m 
Diameter, 2R 
Nose length, L 
Impact velocity, Vo 
= 3.0 
= 23.1 ^g 
= 95.2 mm 
= 0.158 w 
= 280 m/s 
The missiles were carrying an onboard recording package and accelerometers 
attached to its walls. The average depth of penetration was observed through these 
tests as 5.04 AW in a soil target having the following average properties: 
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Initial mass density, p„ 
Shear strength, TQ 
Constant shear strength at high press, T„ 
Modulus of elasticity, E 
Coefficient of dynamic friction, Hd 
= 1.86x X^^kg/nt' 
= 10 kPa 
= 20 kPa 
= 160.0 MPa 
= 0.13 
Figures 5.14-5.19 show that the predicted missile decelerations are in good agreement 
with experiments. Neglecting the low amplitude oscillations in the data that are 
caused by structural vibrations and non-homogeneous soil target, deceleration 
measurements and predictions show a monotonic decay to a nearly constant value 
followed by a jump at end of the trajectory. From behavior point of view, however, 
the missiles are stopping in our studies earlier than experiments. This is due to the fact 
that in our analysis we have assumed missile as perfectly rigid and perhaps little 
higher value of coefficient of friction than actual that exists between missile nose and 
surrounding soil medium. Further the results shows that a nonlinear model is 
representing the medium in a better way than linear model. 
5.4.1 Comparisoii of Present Study Model with Forrestal and Luk Prediction 
Table 5.6 shows that if friction force on missile nose is neglected, the prediction of 
Forrestal and Luk (1992) is close to the experimental depth of penetration, however, if 
friction is considered; their prediction underestimates the depth of penetration. But the 
sliding friction on the nose of the projectile cannot be ignored in the present problem. 
Moreover, in the present study, though the depth of penetration neglecting friction is 
quite high but the consideration of friction gives the magnitude which is reasonably 
close to the actual depth of penetration particularly when nonlinear material model 
has been considered (difference is about 5%). It has been also observed that the 
nonlinear material model predictions are much better than corresponding linear 
material model prediction This shows that the present study is a good improvement of 
Forrestal and Luk (1992) model. 
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Figs. 5.20-5.23 show the variation of deceleration with time and different striking 
velocity (200-25-600) m/s for Forrestal and Luk and Present study linear and non-
linear models. Forrestal and Luk and Present study for linear and non-linear models 
have compared the maximum deceleration and final time of penetration of projectiles 
in geomaterial. It was observed that at the time of striking of projectile, the 
deceleration induced for linear and non-linear material of Forrestal and Luk approach 
was less than with Present study model up to time of 1 ms. For striking velocity of 
200 m/s, the maximum deceleration up to time of 1.0 ms for linear and non linear 
Forrestal and Luk model were obtained as 1119 and 1027 but in present study model 
as 1350 and 1316. However, after penetration of 1 ms, the deceleration for Forrestal 
and Luk linear and non-linear models were obtained as 1092 and 1002 and for present 
study models as 901 and 797. The reason for this condition is that the Forrestal and 
Luk did not consider the effect of projectile penetration up to the nose length. It has 
been also observed that the deceleration of non-linear models always less than linear 
models for both approaches therefore the depth of penetration always more than for 
non-linear models. It was also observed that as the striking velocity of projectile 
increases from 200 m/s to 600 m/s, the deceleration decreases after penetration time of 
1 ms and final penetration time increases. 
Using above models, past researchers have proposed various formulae for the 
prediction of deceleration-time history, penetration depth, forces at missile nose etc. 
These expressions have been mostly derived for linear material model of the target 
and normal impact of missiles having or assuming equivale'nt conical nose shape. The 
friction on nose and missile aft body has been neglected by most of the past 
investigators. 
5.4.2 Penetration Depth and Impact Velocity with Time 
Impact velocity is the measure of impact energy as the missile penetrates into the soil 
the impact velocity decreases and penetration depth increases with the increase of 
time for Forrestal and Luk as well as present study model. The nonlinear model 
predicts the higher depth of penetration at higher velocity almost all time than linear 
159 
material model. This is due to the fact that in the nonlinear material model, strength of 
the material at lower values of the hydrostatic pressure is less than the linear model 
(Fig. 5.24). For the data considered in the present study, the marginal increase in the 
shear strength of the nonlinear model over the linear model could not affect the trend. 
This trend has been also observed in Figs. 5.25-5.28. 
5.5 PARAMETRIC STUDIES 
To obtain the results of academic and field interest some parametric studies have been 
carried out, which are presented in subsequent subsections. The parameters of the 
projectile taken for the purpose of this study are: 
Mass = 
Diameter of shaft = 
Nose shape = 
Striking velocity = 
CRH = 







The model parameters of the target material are: 
Type of Model: Mohr-Coulomb 
Linear model: To = 10.000 MPa, H\^ Hr = 0.0, k^ = 0, /t^  = 17.5 MPa 
Nonlinear model: To = 8.083 MPa, fi \ = 0.091, /^ 2 = -0.001, kx= -0.9 MPa 
k2 = ^2.1 MPa 
The effect of a parameter (material / projectile) on the penetration has been studied by 
varying a selected parameter and keeping all other parameters as fixed. 
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5.5.1 Effect of C/f^ 
The variation of depth of penetration and missile deceleration with time for different 
CRH values by keeping all other parameters fixed is shown in Figs. 5.29 and 5.30 
respectively. These figures show that the depth of penetration increases whereas 
deceleration decreases with the increase in the value of CRH of missile nose. It is due 
to the fact as CRH increases, the nose length increases (nose length = 252, 294 and 
331 mm for CRH = 3, 4 and 5 respectively) and shape of the nose becomes more 
pointed that makes the penetration easier and, therefore, penetration depth increases 
whereas deceleration decreases. This pattern is same for the linear as well as the 
nonlinear material models. However, since nonlinear material offers lesser resistance 
as compared to linear material, the missile of same CRH in the non-linear material 
stops at greater depth than the linear soil material. 
5.5.2 Effect of Coefficient of Friction 
The coefficient of fi-iction is an uncertain parameter that directly governs the force of 
resistance offered by the material to the penetration of missile. It is expected that as 
the coefficient of friction increases, the depth of penetration should decrease. Figure 
5.31 shows the same trend and the variation is almost linear for practical purposes. 
For same value of coefficient of friction (0.13), the predicted value of penetration 
depth by present study nonlinear model was 17% more than the linear model. The 
decrease of 10% in value of coefficient of friction results an increase in penetration 
depth of 6.5% for both linear and non linear models. For the same coefficient of 
friction, nonlinear model offers lesser resistance, results a greater penetration depth. 
5.5.3 Effect of Mass 
For given velocity, mass is directly proportional to the kinetic energy of missile. 
Figure 5.32 shows that ds we are increasing the mass, keeping velocity and all other 
parameters constant, penetration depth increases. This is an expected trend. However, 
this should be kept in mind that practically it is not always feasible to increase the 
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mass dramatically without affecting its velocity. Keeping this in view, this parametric 
study has been conducted for a small variation in mass (22 to 24 kg). An increase of 
10% in the mass results in 5% increase in the penetration depth. 
5.5.4 Effect of Modulus of Elasticity 
The modulus of elasticity is not a simple parameter to obtain for any soil, its value 
varies with the soil type, state of compaction/consolidation, quantity of moisture, 
confinement and depth. Therefore, there may be a large variation in its estimation. It 
was observed that as the modulus of elasticity of soil increases, it makes the soil 
stiffer which consequently makes the missile penetration difficult into the soil. It is 
due to this reason, increase in maximum deceleration, decrease in depth of penetration 
and decrease in stopping time (Table 5.7). It is observed for present study model that 
an increase of 30% in the value of Young's modulus (E), the reduction in the 
penetration depth of 3.2% and 2.4% for linear and non-linear model. The predicted 
values of penetration depth by present study linear and non-linear models are 19% 
and 6% respectively less than the experiment value (Fig. 5.33). 
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Table 5.6 Comparison of penetration depth 
Model 
Forrestal and Luk (1992) 
Proposed model (Linear) 
Proposed model (Non-linear) 
Average Experimentally observed depth 
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Fig. 5.1 Time history of present study ogival nose model {0\=\5°) for dry sand 
Time {ms) 
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Forrestal and Luk model 
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30 
Fig. 5.2 Time history of Forrestal and Luk model (Oi=15°) for dry sand 
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Fig. 5.3 Time history of present study ogival nose model (02=30°) for dry sand 
Fig. 5.4 Time history of Forrestal and Luk model (02=30°) for dry sand 
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Fig. 5.11 Variation of velocity and depth with time for ogival nose projectile (O]) for 




Conical nose projectile 















15 20 25 30 35 
Nose angle (degree) 
40 45 
Fig. 5.12 Effect of nose angle on penetration depth 
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Fig. 5.14 Predicted and experimentally observed deceleration time history 
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Fig. 5.17 Predicted and experimentally observed deceleration time histories 
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Fig. 5.18 Predicted and experimentally observed deceleration time histories 
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• Experimental Data (Forrestal and Luk 1992) 
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Fig. 5.24 Shear strength versus pressure for the soil target 
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Chapter-6 
Reliability Analysis of Buried Concrete Targets 
under Projectile Impact 
6.1 INTRODUCTION 
The recent nuclear tests conducted in the subcontinent have further emphasized the 
need of undertaking extensive studies on the subject of projectile impact upon 
different type of targets, particularly the concrete and geomaterials under which the 
strategic structures such as army bunkers and nuclear power plants (NPPs) may be 
buried. The safety and destruction of these strategic targets is measured through the 
damages caused by the striking projectiles. 
The estimation of the depth of penetration of a projectile in the target involves various 
parameters, which have significant uncertainties due to inherent variability involved. 
This shows that the projectile penetration is a probabilistic event; however, most of 
the researchers have considered it deterministic. The study presented in the present 
chapter is dedicated to the reliability analysis of buried concrete targets under 
projectile impact. The expression for the depth of penetration in the buried target have 
been derived separately for crater and tunnel regions using the methodology proposed 
by Forrestal et al. (1981), Forrestal et al. (1994), and Frew et al. (1998). The estimated 
penetration depth has been employed for subsequent reliability analysis using first-
order reliability method (FORM). Design points, important for probabilistic design, 
have been located on the failure surface. Sensitivity analysis carried out to study the 
influence of various random variables on target reliability apart from parametric 
studies to get some results of field interest is also presented in this chapter. 
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6.2 RELIABILITY ANALYSIS 
A full penetration of projectile into the target is usually considered as complete 
damage to the target. Investigators in the past have proposed various analytical, 
numerical and analytical formulas [Forrestal et al. (1981); Forrestal et al. (1994); 
Forrestal et al. (1996); Corbett et al. (1996); Frew et al. (1998); Abbas et al. (1996); 
Yankelevsky (1997)] for the estimation of penetration depth under a given projectile 
impact. These estimations and predictions, however, have significant uncertainties 
due to inherent variability involved in the associated variables. This shows that the 
projectile penetration is a probabilistic event; however, the review of past studies 
[Corbett et al. (1996)] show that almost all the researchers have considered it 
deterministic, i.e. variability in the target material or in projectile properties are not 
given the due consideration. Further, perhaps no investigator has studied the 
reliability of the target against projectile penetration. 
In the present study, the reliability analysis has been carried out using FORM 
[Madsen et al. (1986); Melchers (1987)]. In brief, in this approach of reliability 
estimation, the reliability is measured in terms of a reliability index, P and it is related 
to the probability of failure or probability of limit state violation for any limit state as 
P = -f\Pf) (6.1) 
where P/xs the probability of failure and ^~'( )is the inverse of standard normal 
distribution function. The reliability index p is found from the solution of the 
constrained optimization problem: 
Minimize p{y) = (y^'yf^ subject to G{y) = 0 (6.2) 
where >• is a vector of basis random variables in the standard normal space and G{y) 
is the limit state function in the standard normal space. A limit state function is a 
mathematical representation of a particular limit state of failure. 
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The reliability index and the corresponding vector >'*, usually referred to as a design 
point, obtained from the solution of Eq. (6.2) can also be used to estimate the 
influence of individual random variables on the projectile reliability in terms of the 
so-called sensitivity factors. For the J random variable, the sensitivity factor, Oj, is 
defined as 
d/3 
or, = — ^ = — (6.3) 
. P 
yj 
where yj is the value of this variable at the design point. 
6.3 FORMULATION OF LIMIT STATE FUNCTION 
The formulation of limit state function involves the formulation of projectile 
velocity in the overlying geomaterial i.e. soil/rock and depth of penetration into 
buried concrete target (Fig. 6.1). These expressions have been obtained under the 
following assumptions and idealizations: 
i) Impact of projectile is normal and axi-symmetric 
ii) The projectile is rigid, i.e. deformation of projectile is negligible and only soil 
and concrete deformation has been considered, 
iii) The projectile does not carry any warhead and no explosion has been 
considered. 
iv) The loss of energy in the form of heat and sound has been neglected. 
v) Spalling in the back surface of the concrete target due to projectile impact is 
negligible. 
6.3.1 Analysis of Projectile Penetration in Geomaterial 
A projectile with initial velocity VQ, when penetrates into the geo-material, 
experiences an axial resisting force Fj,, at its nose offered by the soil medium which 
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has been estimated in Chapter 4. From Newton's second law the equation for rigid 
body motion of the projectile with mass m is: 
m—^ = -F. (6.4) 
where m is the mass of projectile; z is the depth of penetration into geomaterial at any 
time t. Integrating the above differential equation numerically with initial conditions z 
= 0 and Vz (= dzidt) = Fo at time r = 0, the velocity of projectile at depth z = Zg may be 
obtained. 
6.3.2 Depth of Penetration in Concrete Target 
When a projectile hits the buried concrete target with a striking velocity Vz it creates a 
conical shaped crater region with depth about two projectile shank diameter, (i.e. 4R), 
followed by a circular cylinder shaped tunnel region with diameter nearly equal to the 
shank diameter i.e. 2R, [Forrestal et al. (1994) and Forrestal et al. (1996)]. The depth 
of penetration in the two regions has been obtained separately as follows: 
a) Crater region 
In this region the force on the projectile nose is modeled as 
F = cz,^^ (6.5) 
where c is a constant and Zsc is the depth of penetration in the crater region (i.e. 0 < Zsc 
< 4/?), measured from the concrete surface. 
From Newton's second law: 
m ^ = -cz,, (6.6) 
dt^ 
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with the initial conditions Zjc = 0 and V^ = VQ at time / = 0, the above equation has the 
following solution for projectile penetration depth 
z,^=(^\smo)t (6.7) 
where, 
o> = - (6.8) 
V w 
Here, c is a constant for 0 < Zsc < 4R. The value of c is obtained from the conditions of 
continuity of force, velocity and displacement at Zsc = 4R. The force on the penetrating 
nose is expressed by Forrestal et al. (1994), 
F = nR\Sf^+Np,V^) (6.9) 
where. 
R = projectile shank radius 
S - dimensionless parameter which depends on unconfined compressive strength 
of Concrete, ^ c in MPa 
S= 82.6//°^^^ [Frew etal. (1998)] (6.10) 
N= dimensionless constant that depends on projectile caliber radius head i// 
N= (Si//-l)/(24i//) (6.11) 
Pc= density of concrete target and 
Vc = rigid body projectile velocity at Zsc == 4R 
Substituting the value off, Zsc and c from Eqs. (6.9), (6.7) and (6.8) in Eq. (6.5) gives: 
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maV^ sin cot = 7iR\Sf^ + Np/^) (6.12) 
The velocity at the interface of crater and tunnel region (i.e. Zsc = 4/?) is 
^ = F, (6.13) 
dt 
Substituting the value of Zsc from Eq. (6.7) in Eq. (6.13) gives 
0^ cos <y/ = F^  
(6.14) 
The depth of penetration at this interface is 
(6.15) 
V 
or, -^sin(ot = AR 
0) 
(6.16) 
Using Eqs. (6.8) and (6.16), Eq. (6.12) becomes 
^^msL^Nplll (,„, 
Squaring and adding Eq. (6.14) and Eq. (6.16) and then substituting the value co from 
Eq. (6.8), another equation for c in terms of rigid body velocity at the interface, Vc is 
obtained: 
c- j ^ ^ , (6.18) 
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The above equation of c requires the velocity of the projectile at the interface of 
geomaterial and concrete i.e. Vc which can be obtained by equating the above two 
expressions of c: 
V = K ^ : i ^ (6.19) 
The final depth of penetration in the crater region is that where the projectile velocity 
becomes zero subject to a maximum depth of 4R. It is due to the fact that beyond 4i? 
the tunnel region begins and the formulation presented in the next section will then be 
employed. Using Eqs. (6.4), (6.7), (6.8), (6.17), and (6.19), the following expression 
for the depth of penetration in the crater region is obtained: 
2 m ^ 4 ^ ^ 
Therefore, if the depth of the concrete target is z^ then the limit state function G can be 
expressed as: 
G(;ir)= 2 U 4 ^ 4 ^ _ 
where X denotes the vector of random variables given by 
X_= {m, R, N, Vo, A, SJc, z,) (6.22) 
b) Tunnel Region 





Integrating the above equation from Fc to zero and AR to zjt gives the final penetration 
depth measured from the concrete surface as: 
Zf. = m 
^' InR^Np^ 
In 
Sfc J ^f. > 4/? 
(6.24) 
Substituting the expression for Vc from Eq. (6.19) in the above equation gives 
AT, ' " 1 
Zf, = 4R + :;3;2 '" InR'Np^ 
1 + Np, 
mV^-ATtR'SfJ^ 
Sf, { m + ATTR'Np c ) 
(6.25) 
Therefore, the limit state function, G for this region, measured from the concrete 
surface, can be expressed as 
G{X_) = 4/? + m 
InR^Np^ 
-In 1 + Np, 
SL 
(6.26) 
where ^denotes the same vector of random variables as given by Eq. (6.22) 
6.4 NUMERICAL STUDY 
A solid projectile of mass 182 kg and shank diameter 165 mm with impact velocity 
411 m/s has been chosen for the reliability analysis. Other statistical data that are 
needed for reliability analysis have been taken from literature and the same are 
presented in Table 6.1. The reference for the mean values of different random 
variables is given in the last column of the table. The value of coefficient of variation 
(COV) given in the table is a measure of degree of uncertainty in the estimation of the 
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value of a variable. The values of COV given in the table are assumed. The above 
reliability analysis gives the target reliability index as 1.64 and corresponding 
probability of failure as 0.051. These values show that the hurried concrete target 
taken in the present study is not reliable enough against projectile impact. This is due 
to the fact that structure or its elements having reliability index less than 3 is not 
considered as reliable or safe under the given load [Lotsberg (1991)]. 
6.4.1 Design Point or Most Probable Point (MPP) 
In the probabilistic design of targets, a design point or MPP is located on the failure 
surface for which G(X) = 0. In the present study, for the reliability index of 4.0, this 
point has been located on the failure surface. The values of various random variables 
at this point are given in Table 6.2. These values of target reliability indices are 
chosen for covering a wide range of target reliability on parametric basis. But in 
practice, these values for any structure are to be decided on the basis of extensive 
calibration studies, the consideration of cost issues and the consequences of failure, 
etc. 
These values of different random variables are essential for reliability-based 
probabilistic design of concrete target. In such designs, partial safety factors for load 
and resistance variables can be determined for the required reliability (i.e. desired 
reliability index). These safety factors are separately defined for resistance and load 
variables. For resistance variables it is defined as the normal, mean or characteristic 
value divided by the design value and for load variables as the design value divided 
by the normal, mean or characteristic value. These partial safety factors are, however, 
not determined and recommended here because this requires sufficiently large number 
of set of data and we have used only one set of data in our study 
6,4.2 Sensitivity Analysis 
The sensitivity factors for different variables involved in the problem are shown in 
Fig. 6.2. It is seen from the figure that the sensitivity factors for projectile mass and 
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velocity are positive which indicates that increase in these variables will decrease the 
reliability of concrete target. Other random variables are negative which show that 
they are the resistance variables and increase in their magnitude will increase the 
reliability of buried concrete target. The figure also indicates that the projectile impact 
velocity is more influencing on the target reliability than its mass. Moreover, shank 
radius of projectile favors the concrete target reliability very much. This is due to the 
fact that the increase in shank radius of projectile increases resistance offered by 
overlying soil and concrete target to projectile penetration. 
6.4.3 Effect of Projectile Velocity 
The striking velocity is a direct measure of projectile energy. As it increases, its 
energy to penetrate the concrete target also increases. Figure 6.3 shows that the 
concrete target reliability decreases almost linearly with the velocity. This is an 
expected trend. 
6.4.4 Effect of Depth of Geo-material 
The geomaterial lies above the concrete barrier. This overlying material acts as an 
energy dissipater to the projectile. Thus it acts as a resistance variable to the target 
reliability (Fig. 6.2). Fig. 6.4 shows that when the depth of overlying geomaterial is 
1.70 m, reliability index is 1.95 and it reduces to 0.75 for a depth of geomaterial of 
1.20 m. This indicates that one of the efficient ways to protect the buried concrete 
target against a projectile impact is to construct it at a higher depth. This will cause 
substantial decrease in the projectile penetrating energy and thereby reduce the 
chances of concrete target failure. 
6.4.5 Effect of Concrete Thickness 
The thickness of concrete target directly affects its reliability. Since it is resistance 
variable (Fig. 6.2), obviously with the increase of its thickness, reliability will 
increase. Figure 6.5 shows when the concrete target thickness is 1.0 w (i.e. 100 cm) 
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reliability is around 3.24, however, it becomes 0.78 when it is 40 cm. Keeping in view 
the desirable reliability range 3-4, we may conclude that the buried concrete target of 
present study would be reliable enough only when its thickness is not less than 1.0 m. 
6.4.6 Effect of C/?i/ 
The variation of reliability index with change in Caliber Radius Head (CRH) of ogival 
nose shaped projectiles is shovm in Fig. 6.6. It is seen from the figure that as we 
increase the CJ?/^ of projectile nose, the reliability index decreases. It is due to the fact 
that as CRH increases, the shape of the nose becomes more pointed and therefore the 
penetration of projectile becomes easy. A projectile with higher CRH is thus more 
dangerous to the target than a projectile with other parameters same but lesser CRH. 
6.4.7 Effect of Unconfined Compressive Strength of Concrete 
The unconfined compressive strength of the target material directly controls its 
reliability. Since it is a resistance variable (Fig. 6.2), its increase in strength will 
increase target reliability. Figure 6.7 shows when strength is 100 MPa reliability is 
around 2.17, which becomes 1.3 when strength is 20 MPa. This shows that though the 
reliability is increasing with compressive strength but to achieve the desirable 
reliability index of 3-4, the strength requirement would be above 100 MPa. The 
construction of a target having, compressive strength of 100 MPa is practically 
difficult to achieve. Therefore increase of concrete thickness along with its strength 
may be optimum option for achieving the desirable reliability index of 3-4. 
6.4.8 Density of Concrete Target 
The density of concrete target is also a resistance variable, but its influence on target 
reliability is very small (Fig. 6.2). Figure 6.8 shows that with the increase of mass 
density, there is a slight increase in target reliability index. In terms of the magnitude, 
20% increase in the density of concrete results in 1% increase in its reliability index. 
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Thus the mass density of concrete target is not an influencing variable for the 
determination of target reliability. 
6.4.9 Effect of Uncertainty 
Figures 6.9 to 6.13 show that as the imcertainty, measured in terms of Coefficient of 
Variation (COV), increases there is corresponding continuous decrease in the 
reliability index magnitude. This indicates that it is not only the mean value that 
affects the reliability of target but also the uncertainty, which plays a significant role 
in determining target safety. 
Figure 6.9 shows that when projectile impacts the target with mean velocity of 411 
m/s and COV of 5%, target reliability is around 1.8 and it falls to about 1.3 when COV 
in velocity becomes 20%. This indicates that an increase of 15% in COV of the 
projectile velocity results in about 28% reduction in the target reliability index. 
Figure 6.10 shows that when the projectile impacts the target with projectile mass of 
182 kg with COF as 5 %, target reliability is around 1.64, which falls to about 1.40 
when covin projectile mass becomes 20%. This concludes that for 15% increase in 
COFof the projectile mass there will be 15% reduction in the target reliability index. 
Figure 6.11 shows that when the shank radius of the striking projectile is 0.0825 m 
and COV is 5 %, target reliability is around 1.94 and it reduces to about 1.06 when 
COV in the projectile shank radius becomes 20%. This indicates that an increase of 
15% in COV of the projectile shank radius results in 45% reduction in the target 
reliability index. 
Figure 6.12 shows that when the geo-material bulk modulus is 9.52x10^ MPa and 
COV is 5%, target reliability is around 1.66 and it falls to about 1.55 when COV in the 
geomaterial bulk modulus becomes 30%. This shows that an increase of 25% in COV 
of the geomaterial bulk modulus causes 7% reduction in the target reliability index. 
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Figure 6.13 shows that when COV in unconfined compressive strength (mean value = 
40 MPa) is 5%, target reliability is 1.65 and it reduces to about 1.60 when COV 
becomes 20%. This means that when there is an increase of 15% in COV of the 
unconfined compressive strength then reduction in the target reliability index is 3%. 
195 
Table 6.1 Statistical data of random variables 
Random variable 
Mass of projectile, m 
Projectile shank radius, R 
Caliber radius head, \\i 
Dimensionless parameter, A^  
Projectile impact velocity , VQ 
Thickness of geomaterial, z (Zg) 
Non dimensional parameter, S 
Density of concrete target, pfc 
Unconfined compressive 
strength of concrete,/; 
















































Frew, D. J.-1998 
Assumed 
* COV= Coefficient of variation 
Table 6.2 Design values for reliability index = 4.0 
Random variable 
Mass of the projectile, m (kg) 
Prrojectile shank radius, R (m) 
Dimensionless parameter, N 
Projectile impact velocity, VQ (m/s) 
Density of geomaterial, p (kg/m ) 
Geomaterial bulk modulus, K (MPa) 
Thickness of geomaterial, z or Zg(/w) 
Density of concrete target material, pc {kg/m^) 
Non dimensional parameter, S 
Unconfined compressive strength of concrete,^^ {MPa) 
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Fig. 6.2 Sensitivity diagram (Key: XI-mass of the projectile, m, X2- projectile 
shank radius, R, X3- dimensionless parameter, N, X4-projectile impact 
velocity, Vo ,X5- geomaterial bulk modulus, K, X6- density of geomaterial, 
p, X7- Slope of the linear fit, a, X8 - depth of target in geomaterial, z, X9-
density of concrete target, pc, XIO- A parameter, S, X l l - compressive 
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jPz Total axial resisting force acting on the projectile nose 
F Force on the projectile nose in crater region 
m Projectile mass 
L Nose length of projectile 
Cov{Xi, X^ Covariance oiX\ and Aj 
Pfc Mass density of concrete target 
p Initial mass density of geomaterial 
K Bulk modulus of geomaterial 
/ Time 
Zg= z Thickness of geomaterial layer over concrete target 
Zc Thickness of concrete target 
Zsc Penetrat ion depth of the projectile in crater region, measured from the 
concrete surface 
Zft Penetration depth of the projectile in tunnel region, measured from the 
concrete surface 
VQ Impact veloci ty of proj ectile 
Vz Rigid body projectile velocity in concrete target at Zsc = 4/? 
i// Cal iber radius head 
fc Unconfined compressive strength of concrete target 
A^  Dimensionless constant 
S Dimensional parameter 
R Shank radius of the projectile 
0) Angular velocity 
c Constant 
Pf Probabil i ty of failure 
X R a n d o m variable 
Y R a n d o m variable in reduced coordinate system 











Probability density function 
Standard deviation of Z 
Reliability index 
CDF of standard normal variate 
Sensitivity factor {or jth random variable 
Limit state function 
PDF of standard normal variate 
Equivalent half cone angle of projectile nose 
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Chapter-7 
Conclusions and Recommendations 
7.1 INTRODUCTION 
The studies and research pertaining to the projectile impact on civil utility structures 
in general and on strategic structures in particular have been taken with lot of interest. 
In the last decade or so very important studies have come up which are of immense 
importance to academics, scientists and technologists working in this arena. More so 
projectile impact loading has gained lot of scrutiny in the case of Nuclear Power 
Plants as they have to be protected on all cost to contain and minimize radiation in the 
aftermath of bombing and projectile attack. 
A number of analytical and numerical studies with state of the art sophistication have 
produced models and results very close to the experiments. These models include 
many simplified assumptions which may not be extrapolated to the impact conditions 
other than those considered in the modeling. The aim of present work is to improve 
the available analytical models and to validate it with not only the experiments carried 
out for the penetration of conical, ogival, hemispherical nose projectiles into 
geological targets (sand, clay and stratified soils) under different condition of 
moisture and compaction as well as with the experimental results available in 
literature. 
7.2 MATHEMATICAL MODELING 
Spherical and cylindrical cavity expansion models have been developed for modeling 
the process of penetration of a projectile into a geological target. 
The salient features of the models are: 
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i) The mathematical equations for the penetration of projectile of different nose 
shapes are formulated and complete numerical procedures for the solution are 
developed. 
ii) The models are capable of predicting the deceleration time history, forces on 
nose and penetration depth of projectiles for normal impact on soil targets. 
iii) The target medium is described by non-linear hydrostat and non-linear shear 
failure and pressure relation, which is capable of modeling a variety of 
materials. 
iv) The momentum and mass conservation equations of motion are reduced, 
through a similarity transformation, to nonlinear ordinary differential 
equations. These resulting equations are solved numerically by using Runge-
Kutta self iterative shooting method which employs an asymptotic expansion 
to the solution near the wave front. 
v) The proposed model estimates the deceleration time response from the instant 
of strike of the nose on the target, whereas, Forrestal and Luk theory predicts 
the deceleration time response after the complete penetration of projectile 
nose. 
vi) A software program has been developed in FORTRAN Language for 
predicting the deceleration time history, forces at the nose of projectile, depth 
of penetration, variation in the velocity during penetration etc. 
7.3 EXPERIMENTAL STUDIES 
The major conclusions derived from the experimental studies carried out in the 
present study are: 
i) As expected, the depth of penetration reduces with the increase in nose angles 
or reduction in the nose length of conical and ogival nose projectiles in all 
types of soil targets. 
ii) The penetration depth of conical, ogival and spherical nose projectiles was 
more in saturated sand than compacted sand. The reason for this trend is that 
207 
the angle of shearing resistance of saturated sand reduces due to saturation, 
thus reducing the angle of friction, 
iii) The targets in order of increasing depth of penetration are: (a) Compacted 
clay, (b) Stratified soil, (c) Compacted sand, (d) Saturated sand, and (e) Loose 
dry sand. This is because the resistance offered to penetration reduces in this 
very order, 
iv) The depth of penetration of a projectile in stratified soil targets is more than 
the depth of penetration in compacted clay and less than the depth of 
penetration in compacted sand, 
v) The penetration of conical nose projectile is less than the ogival nose 
projectiles in loose sand and loose saturated soil targets, whereas the trend is 
just opposite for the remaining targets viz. compacted sand, compacted clay 
and stratified soil targets. 
7.4 NUMERICAL STUDIES 
The major conclusions derived from the numerical studies carried out in the present 
study are: 
i) The error in the prediction of penetration depth for the projectiles of different 
nose shapes in different soil targets using the proposed analytical models lie 
within 15%. 
ii) There is significant influence of CRH on penetration depth and deceleration of 
the projectile. The penetration depth increases whereas deceleration decreases 
with the increase in the value of CRH of projectile nose as shape of the nose 
becomes more pointed that makes the penetration easier. The projectile of 
same CRH in the non-linear material stops at greater depth than the linear soil 
material. 
iii) The sliding friction should be carefully determined for true estimation of any 
of the design parameters. 
iv) The projectile with higher total length to diameter ratio will have higher 
penetrating potential. 
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v) The Forrestal and Luk Model starts after the full penetration of nose of the 
projectile, due to which the force is maximum at the tip of nose of projectile at 
the time of strike and remains constant along the nose length. Whereas, the 
process of penetration of nose of the projectile has been modeled in the 
proposed model. The force along the nose length increases non-linearly with 
the penetration and start reducing after fiill penetration of nose length. The 
total penetration time and penetration depth predicted by the proposed model 
are more than those predicted by Forrestal and Luk model. 
vi) The proposed model has the following improvements over the existing 
Forrestal and Luk Model: 
a) The non-linear target material model incorporated in the 
mathematical formulation covers many types of soil/rock materials. 
b) The proposed model estimates the deceleration time response from 
the moment the projectile strikes the target whereas; Forrestal and 
Luk theory predicts the deceleration time response after the 
complete penetration of projectile nose. The variation of velocity 
with time up to the penetration of nose length is linear for Forestall 
and Luk model whereas it is non-linear in the proposed model. 
c) The present work considers the effect of friction on the projectile 
nose, whereas, Forrestal and Luk theory neglects it. The 
penetration depth obtained from the proposed model is more than 
the Forrestal and Luk model, which is due to the modeling of the 
penetration of nose in the proposed model. 
d) Forrestal and Luk theory assumes an equivalent conical nose for 
the ogival nose but the present study considers the actual shape. 
e) The proposed model considers the radial stress distribution along 
the nose length, which was not considered by Forrestal Jind Luk. 
f) Forrestal and Luk (1992) have obtained a closed from solution for 
velocity, deceleration and penetration depth by assuming linear 
variation between the velocity at any depth and corresponding 
radial component of stress, both in dimensionless form, for 
different shear strength parameters. This variation is actually non-
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linear in nature, which has been incorporated in the proposed 
models by employing numerical methods for the solution of 
differential equations. 
7.5 RELIABILITY ANALYSIS 
The major conclusions derived from the reliability analysis of buried concrete target 
under the impact of projectile are as follows: 
i) The formulation has been developed for the reliability of a buried concrete 
target under projectile impact. The formulation involves the development of 
expressions for the depth of penetration in the buried target separately for 
crater and turmel regions which are then employed for subsequent reliability 
analysis using first-order reliability method. 
ii) Design points, important for probabilistic design of the buried concrete target, 
have been located on the failure surface. 
iii) On the basis of the sensitivity analysis carried out to study the influence of 
various random variables on the reliability of penetration and causing damage 
to the buried target, the projectile impact velocity is found to be more 
influencing to reliability than its mass. The target reliability decreases almost 
linearly with the impact velocity of projectile. Moreover, shank radius of 
projectile adversely affects the reliability. 
iv) A projectile with same mass but different shank radius will have completely 
different penetration depth in the target. 
v) A projectile with higher CRH is more dangerous to the target than a projectile 
with other parameters same but lesser CRH. 
vi) The one most efficient way to protect the target against a projectile impact is 
to construct the target at a higher depth. 
vii) The bulk modulus of geomaterial is even more influencing the reliability than 
concrete strength of the buried target. 
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viii) The increase of concrete thickness along with its strength may be an optimum 
option for achieving the desirable range of reliability index for the safety of 
the buried target, 
ix) The mass density of concrete target does not affect the target reliability 
significantly, 
x) It is not only the mean value but also the uncertainty involved in various 
parameters, which plays a significant role in determining the reliability of 
buried concrete target. 
7.6 RECOMMENDATION FOR FURTHER STUDIES 
Since the topic of projectile penetration is of great strategic importance involving 
different disciplines, hence there is no dearth of suggestions. However some of the 
useful suggestions for further extension of the study are given below. 
i) The chances of strictly normal impact are rare therefore; the consideration of 
oblique impact of projectiles into geological target may provide more results 
that are realistic, 
ii) Effect of explosives, which are usually carried by projectiles, should also be 
considered in the analyses, 
iii) Non-linear material model including super plasticity aspects should be 
incorporated, 
iv) In the present study, the deformation of projectile during penetration has not 
been considered. The work may be extended considering projectile also as a 
deformable body, 
v) The material model may be extended to incorporate rocks and other soils, 
vi) Erosion and flying of geomaterial can be modeled by employing finite element 
technique, 
vii) The temperature rise during the expansion of the cavity due to friction and 
explosive nature of warhead should also be studied, 
viii) A non-linear material modeling for overlying geomaterial may affect the 
reliability results significantly. 
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ix) An oblique impact of projectile on target may be a more realistic proposition, 
x) The present study may be extended further taking correlation among various 
random variables and considering joint probability density function, 
xi) In some cases Second Order Reliability Methods (SORM) may prove to be a 
better proposition for reliability analysis. 
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